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Abstract. The article presents the results of analysis of steelmaking slags formation. It is shown that currently two methods of steel refining are used in the 

steelmaking industry – oxidative and reducing. The method of oxidative refining is implemented in electric arc furnaces (EAF), and is primarily aimed 
at extracting phosphorus from the steel being smelted. Reducing refining is implemented in the ladle-furnace unit (LF) and is aimed at removing sulfur 
from steel. The features of these processes affect the formation of the phase composition of steelmaking slags. Under conditions of oxidative refining, 
wustite FeO, magnetite Fe3O4 , larnite β-2CaO·SiO2 and merwinite 3CaO·MgO·2SiO2 are formed in EAF slags, and under conditions of reducing 
refining in LF slags, mayenite 12CaO·7Al2O3 , periclase MgO, low–temperature modification of dicalcium silicate – γ-2CaO·SiO2 , CaS and FeO. 
Of the minerals in the composition of EAF slags and LF slags, mayenite 12CaO·7Al2O3 and larnite β-2CaO·SiO2 have hydraulic activity. Based on the 
theoretical analysis of the formation of sulfated hydraulically active phases, the possibility of imparting properties of mineral binders to steelmaking 
slags by grinding without their additional thermal preparation is shown. 

Keywords: LF slag, EAF slag, phase composition, binder, grinding, mineral binders, thermal treatment of slags, formation of phases in slags

Acknowledgements: The work was supported by PJSC Pipe Metallurgical Company, contract No. N112.210.011/23.

For citation: Sheshukov O.Yu., Mikheenkov M.A., Egiazar’yan D.K., Mikheenkov A.M., Kleonovskii M.V., Matyukhin O.V. Peculiarities of the 
phase composition formation of steelmaking slags and evaluation of the possibility of obtaining mineral binders with low CO2 generation on 
their basis. Izvestiya. Ferrous Metallurgy. 2025;68(2):179–187. https://doi.org/10.17073/0368-0797-2025-2-179-187

Peculiarities of the phase composition formation 
of steelmaking slags and evaluation 

of the possibility of obtaining mineral binders 
with low CO2 generation on their basis

О. Yu. Sheshukov1, 2 , M. A. Mikheenkov1, 2, D. К. Egiazar’yan1, 2, 
А. M. Mikheenkov2, M. V. Kleonovskii2, O. V. Matyukhin2

1 Institute of Metallurgy, Ural Branch of the Russian Academy of Science (101 Amundsena Str., Yekaterinburg 620016, Russian 
Federation)
2 Ural Federal University named after the first President of Russia B.N. Yeltsin (19 Mira Str., Yekaterinburg 620002, Russian 
Federation)

Physico-chemical basics 
of metallurgical processes

Физико-химические основы
металлургических процессов

https://doi.org/10.17073/0368-0797-2025-2-179-187
mailto:o.j.sheshukov@urfu.ru
https://fermet.misis.ru/index.php/jour/search/?subject=LF slag
https://fermet.misis.ru/index.php/jour/search/?subject=EAF slag
https://fermet.misis.ru/index.php/jour/search/?subject=phase composition
https://fermet.misis.ru/index.php/jour/search/?subject=binder
https://fermet.misis.ru/index.php/jour/search/?subject=grinding
https://fermet.misis.ru/index.php/jour/search/?subject=mineral binders
https://fermet.misis.ru/index.php/jour/search/?subject=thermal treatment of slags
https://fermet.misis.ru/index.php/jour/search/?subject=formation of phases in slags
mailto:o.j.sheshukov%40urfu.ru?subject=


Известия вузов. Черная металлургия. 2025;68(2):179–187.
Шешуков О.Ю., Михеенков М.А. и др. Особенности формирования фазового состава сталеплавильных шлаков и оценка возможности ...

180

 Introduction

At the  turn of  the  21st century, the  steelmaking 
industry underwent radical changes. Due to  increasing 
quality requirements for steel products combined with 
the  declining quality of  raw materials, high-intensity 
steel melting in ultra-high-power electric arc furnaces 
and methods of  secondary steel treatment have become 
widespread. This led to changes in the structure and qua
lity characteristics of steelmaking slags. In the previous 
century, the  most common methods of  steel production 
were the converter and open-hearth processes. The slags 
formed under such conditions had a stable crystalline 
structure, and their storage and processing did not pose 
significant challenges. The processing of  these slags 
into commercial products was mainly carried out using 
the  simplest methods – magnetic separation, crushing, 
and particle size classification – to meet the requirements 
of GOST 3344–83 “Slag crushed stone and sand for road 
construction. Technical specifications” [1]. 

The conditions for the  formation of  the  phase and 
chemical composition of slags in the steelmaking industry 

have changed significantly in recent years. The open-
hearth method has become obsolete and is no longer used. 
Under modern conditions, two methods of  steel refining 
are used in the steelmaking industry – oxidative and reduc-
ing. Oxidative refining is implemented in converter units 
and electric arc furnaces  (EAF) and is primarily aimed 
at  extracting phosphorus from the  steel being smelted, 
while reducing refining is implemented in the  ladle-fur-
nace unit (LF) and is aimed at removing sulfur from steel. 
The specific features of these processes influence the for-
mation of the phase composition of steelmaking slags. 

The aim of  this study is to  analyze the  specific fea-
tures of  steelmaking slag formation under current steel 
production conditions and to develop an optimal method 
for obtaining mineral binders based on these slag.

 Peculiarities of steelmaking slag formation
 

The processes of  oxidative refining, carried out in 
converter and electric arc furnaces, differ only slightly, 
and the  slags formed in these units are similar in terms 
of their phase and chemical composition. To ensure effec-
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Аннотация. В статье приведены результаты анализа механизма образования сталеплавильных шлаков. Показано, что в настоящее время 

в сталеплавильной отрасли используются два способа рафинирования стали – окислительный и восстановительный. Способ окисли-
тельного рафинирования реализуется в конвертерах и дуговых сталеплавильных печах (ДСП) и в первую очередь направлен на извле-
чение из выплавляемой стали фосфора, а восстановительное рафинирование происходит в агрегате ковш–печь  (АКП) и направлено 
на удаление из стали серы. Особенности этих процессов сказываются на формировании фазового состава сталеплавильных шлаков. 
В условиях окислительного рафинирования в шлаках ДСП формируются вюстит FeO, магнетит Fe3O4 , ларнит β-2СaO·SiО2 и мервинит 
3СаO·MgO·2SiO2 , а  в условиях восстановительного рафинирования в шлаках АКП формируются майенит 12СаO·7Al2O3 , периклаз 
MgO, низкотемпературная модификация двухкальциевого силиката – шеннонит γ-2СaO·SiО2 , СаS и FeO. Из минералов в составе 
шлаков ДСП и АКП гидравлической активностью обладают майенит 12СаO·7Al2O3 и ларнит β-2СaO·SiО2 . На основе теоретического 
анализа способов формирования сульфатированных гидравлически активных фаз показана возможность придания сталеплавильным 
шлакам путем помола свойств минеральных вяжущих веществ без их дополнительной термической обработки. 

Ключевые слова: шлак АКП, шлак ДСП, фазовый состав, вяжущее, помол, минеральные вяжущие вещества, термическая обработка шлаков, 
формирование фаз в шлаках
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tive oxidative refining, a significant amount of burnt lime 
(CaO) is added to the furnace at the beginning of the melt. 
As a result of the interaction between CaO and the mill scale 
on the scrap metal, as well as with iron oxides formed dur-
ing the oxygen blowing of molten steel, lime is assimilated 
and low-basic (CaO·Fe2O3 ) and high-basic (2CaO·Fe2O3 ) 
forms of calcium ferrite are formed in the slag. Simultane-
ously, during the oxygen blowing of molten steel, phos-
phorus pentoxide (P2O5 ) enters the slag. SiO2 , an acidic 
oxide that enters the  furnace along with contaminated 
scrap, displaces the  amphoteric iron (III) oxide (Fe2O3 ) 
from calcium ferrite, forming two silicate phases in 
the slag – dicalcium silicate (β-2CaO·SiO2 ) and merwinite 
(3CaO·MgO·2SiO2 ). At the same time, iron oxides enter 
the  slag as independent phases. The dicalcium silicate 
formed in the slag exhibits a high-temperature polymor-
phic β-modification, known as larnite [2]. The formation 
of larnite in the slag is accompanied by partial isomorphic 
substitution of silicon-oxygen tetrahedra in the dicalcium 
silicate molecule by phosphorus pentoxide, which enters 
the  slag during oxygen blowing. Due to  the  substitution 
of  ions  in the dicalcium silicate molecule by ions 

 , its ionic stabilization occurs, preventing the disin-
tegration of dicalcium silicate during cooling. The other 
silicate phase, merwinite, is a magnesium-substituted 
analogue of dicalcium silicate. Magnesium oxide (MgO) 
forms due to  the  partial erosion of  the  periclase-based 
furnace lining by slag. As a result of all these processes, 
the final phase composition of the oxidative refining slag 
is formed  [3], and consists of  wustite (FeO)  – 20.4 %, 
magnetite (Fe3O4 )  – 24.1 %, larnite (β-2CaO·SiO2 )  – 
38.15 %, merwinite (3CaO·MgO·2SiO2 )  – 15.9 %, and 
impurities – 1.45 %.

Steel from EAFs and converters is transferred to ladle 
units, where reducing refining is carried out in the ladle-
furnace (LF) unit. When metal is tapped from the EAF 
or converter into the  ladle, an effort is made to  remove 
as much slag as possible. Nevertheless, a portion 
of the oxidative slag inevitably enters the ladle, forming 
the  initial slag during the  early stage of  reducing refin-
ing. The  phase composition of  LF slag, as plotted on 
the CaO – SiO2 – Al2O3 phase diagram and determined by 
the authors in studies on slag stabilization methods [2], is 
shown in Fig. 1.

Many of  the  identified phases contain magnesium 
oxide, since pure CaO was not used in phase formation; 
instead, a model slag with a chemical composition cor-
responding to  typical LF slag containing approximately 
10 % MgO was employed. Area A in Fig. 1 corresponds 
to the phase composition of EAF slag that entered the LF 
unit from the  ladle iron, and only two phases remain 

in area  A  – dicalcium silicate (β-2CaO·SiO2 ) and mer-
winite (3CaO·MgO·2SiO2 ). To enable desulfurization, 
burnt lime (CaO) is added to  the  LF unit, which reacts 
with merwinite and causes its decomposition according 
to the reaction 

3СаO·MgO·2SiO2 + СаO = 2(2СaO·SiО2) + MgO.  (1)

This phase composition corresponds to area B in Fig. 1. 
The interaction of free lime with sulfur in the metal leads 
to the following reaction

	         [FeS] + (СаО) = (CaS) + (FeO).	 (2)

In area B, the  slag viscosity is elevated, which hin-
ders the  desulfurization process. To reduce the  visco
sity, an alumina-based flux is added to  the  slag, and in 
area C (Fig.  1), the  final phase composition of  LF slag 
is formed [2], consisting of mayenite (12CaO·7Al2O3 ) – 
37.2 %, periclase (MgO)  – 12.5 %, dicalcium silicate 
(α-2CaO·SiO2 )  – 41.4 %, approximately 1 % CaS, and 
the remainder FeO. During the cooling of LF slag, poly-
morphic transformations occur in the  dicalcium silicate 
phase  [2]. Five polymorphic modifications of dicalcium 
silicate are known, three of which are high-temperature 
forms (α,  and  ), and their successive transformations 
during cooling do not cause critical changes in LF slag. 
Since reducing conditions are maintained in the LF, iron 
oxides from the EAF slag are rapidly reduced to metal-
lic a critical transformation is the  polymorphic transi-
tion of  larnite to  shennonite1. Larnite (β-2CaO·SiO2 ) 

Fig. 1. Phase composition of LF slag [2] 

Рис. 1. Фазовый состав шлака АКП [2]

1 In Russian scientific literature, the term “shennonite” (шеннонит) 
is commonly used to refer to the γ-polymorph of dicalcium silicate 
(γ-2CaO·SiO2 ).
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is a metastable modification of  dicalcium silicate that, 
upon cooling below 525 °C, slowly transforms into shen-
nonite (γ-2CaO·SiO2 ). Since the  true density of  larnite 
(β-2CaO·SiO2 ) is 3.28 g/cm3 and that of  shennonite 
(γ-2CaO·SiO2 ) is 2.97 g/cm3, this polymorphic transfor-
mation leads to a 12 % volume increase, causing the slag 
to  disintegrate into a powder-like fraction. As a result 
of  these processes, larnite (β-2CaO·SiO2 ) is absent in 
cooled LF slag, and shennonite (γ-2CaO·SiO2 ) is present 
instead.

 Literature review

The changed conditions of slag formation in the steel-
making industry and the  resulting phase composition 
require a more advanced approach to  slag processing, 
taking into account current knowledge and developments 
in the formation of mineral binding agents based on such 
slags.

Due to  stricter CO2 emission regulations and envi-
ronmental challenges associated with the  storage and 
recycling of  steelmaking slags, global efforts are being 
made to  partially or completely replace components in 
general construction concrete  – such as ordinary Port-
land cement, coarse aggregates (crushed stone, gravel), 
and fine aggregates (quartz sand). In [4], the use of con-
verter slag with particle sizes of 5 – 20 mm as a substi-
tute for coarse aggregates, and 0 – 5 mm for fine aggre-
gates in general-purpose concrete, was investigated. 
It was shown that replacing natural aggregates with 
converter slag increases the  concrete grade strength, 
allowing cement consumption to  be reduced by 31 %. 
Similar findings are reported in  [5], where the  partial 
(30 %) replacement of natural aggregates with EAF slag 
resulted in improved physical and mechanical properties 
of the concrete. The authors concluded that EAF slag can 
be used to  produce environmentally friendly concrete. 
In  [6], concrete mixtures with 30 % fly ash replacing 
cement and 50 % EAF slag replacing coarse aggregate 
were tested for their physical and mechanical properties. 
The results demonstrated that the strength characteristics 
of  these concrete mixtures surpassed those of  conven-
tional concrete made entirely with cement and natural 
aggregates. In [7], researchers investigated the replace-
ment of coarse natural aggregates with EAF slag, while 
retaining natural quartz sand as the fine aggregate. It was 
observed that concrete containing EAF slag exhibited 
a faster strength gain during the first seven days of cur-
ing compared to concrete made with natural aggregates. 
Although the rate of strength development subsequently 
declined, the final grade strength of the slag-containing 
concrete remained higher. In [8], it was shown that eco-
concrete incorporating 5 % aluminum slag and 20 % 
EAF slag as substitutes for natural aggregates demonst
rated strength and durability levels comparable to those 

of conventional concrete. A common feature across these 
studies is the use of slag primarily as a partial or comp
lete replacement for natural aggregates, without alter-
ing the underlying mechanism of strength development 
based on Portland cement. However, this approach does 
not permit the complete elimination of Portland cement 
from the  concrete mix, even though its production is 
a major source of CO2 emissions.

A promising strategy for fully replacing Portland 
cement in concrete and mortar formulations involves 
the  use of  alkali-activated slag binders. The theoretical 
foundation for such binders was established by V.D. Glu
khovskii [9], who proposed introducing various alkaline 
additives into slags prior to  grinding. Upon hydration, 
these binders form insoluble calcium and sodium alu-
minosilicate hydrates  –  zeolites  –  capable of  achieving 
compressive strengths of  up to  200 MPa. At present, 
most studies in this area focus on the  alkali activation 
of blast furnace slag  [10] and EAF slag in combination 
with other industrial wastes [11 – 13]. The primary draw-
back of these binders is the need for extremely fine slag 
grinding and the  presence of  free alkalis in fully cured 
concrete, which may migrate to  the  surface and cause 
severe efflorescence. This issue is addressed in geopoly-
mer binders, where free alkalis generated during activa-
tion are chemically bound within a three-dimensional 
polymer network [14]. This is achieved through the addi-
tion of specially treated metakaolins. Once incorporated 
into the  polymer structure, the  alkalis are immobilized 
and no longer migrate to the surface, effectively preven
ting efflorescence formation.

Since EAF slag contains a significant amount of iron 
oxides, and its silicate component consists primarily 
of  dicalcium silicate (β-2CaO·SiO2 ) and merwinite 
(3CaO·MgO·2SiO2 )  – which decomposes at elevated 
basicity into two molecules of dicalcium silicate and peri-
clase  – the  authors explored the  possibility of  simulta
neously producing pig iron and Portland cement. This was 
to be achieved by increasing the slag’s basicity through 
the addition of highly basic LF slag and extra lime. Labo-
ratory studies and pilot-scale industrial trials confirmed 
the feasibility of this approach [15; 16]. It was established 
that mixing molten EAF slag, LF slag, and solid lime in 
a ratio of 64:17:17 %, respectively, allows for the simul-
taneous formation of Portland cement clinker and pig iron 
in proportions of 82 and 18 %, respectively. The Portland 
cement produced from this clinker demonstrated the fol-
lowing physical and mechanical properties: 

– initial setting time – 175 min; 
– final setting time – 285 min; 
– volume stability – 0.2 mm; 
– compressive strength after 2 days – 11.7 MPa;
– compressive strength after 28 days – 47.8 MPa. 
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According to  GOST 31108, this cement meets the 
requirements for strength class 42.5 N. The chemi-
cal composition of  the  resulting pig iron complied with 
GOST 805 for foundry-grade pig iron of  grade PL 1 
and was as follows (wt. %: 3.13 С; 2.26 Mn; 0.109 Si; 
0.036 P; 0.021 S.

 Potential pathways for technology
 

implementation

Despite the positive outcomes of the trials, implemen
ting this technology would require a complete reconst
ruction of steelmaking facilities, including the establish-
ment of  a dedicated slag secondary treatment section 
and a full reorganization of the logistics involved in slag 
transportation and processing.

In light of  these challenges, an alternative approach 
was explored  – the  sulfate activation of  steelmaking 
slags to impart the properties of mineral binding agents. 
In the  construction industry, certain types of  specialty 
cements are widely used, particularly gypsum-alumina 
cements based on calcium sulfoaluminates [17] and cal-
cium sulfosilicates  [18]. Gypsum-alumina cements are 
commonly applied for road and infrastructure repairs 
and are also used in rapid-setting and waterproofing 
systems  – for example, the  Emaco2 line of  fast-setting 
concretes was developed on the  basis of  such cements. 
Calcium sulfoaluminate and sulfoaluminoferrite binders 
are also well established in the production of expansive 
oil-well cements [19].

At present, several anhydrous minerals containing 
gypsum are known to possess strong binding properties. 
These include:

– calcium sulfosilicate (sulfospurrite 2(2СaO·SiО2)· 
·CaSO4 [17;18];

– calcium sulfoaluminate (yeelimite) 3(CaO·Al2O3)· 
·CaSO4 [17];

– calcium sulfoferrites, including low-basic 3(CaO· 
·Fe2O3)·CaSO4 and high-basic CaO·Fe2O3·CaSO4 [20];

– a group of calcium sulfoaluminoferrites with the ge
neral formula CaOn·(Al2O3 )m·(Fe2O3 )k·(SO3 )b [21]. 

These minerals are typically obtained by firing raw 
material mixtures at 1100 – 1300 °C, followed by either 
separate or joint grinding with Portland cement [17]. For 
EAF and LF slags, which contain mayenite (C12A7 ) as well 
as dicalcium silicates (β-2CaO·SiO2 and γ-2CaO·SiO2 ), 
sulfate activation can be achieved through joint grinding 
with natural gypsum (CaSO4·2H2O).

The authors initially applied sulfate activation to LF 
slags. To prevent the  development of  internal stresses 

during hydration of the resulting binder, which was pro-
duced by joint grinding of  LF slag and gypsum, it was 
proposed to introduce additives that would enable the for-
mation of  a mineral binding agent following the  prin-
ciple of  gypsum – cement – pozzolanic systems  [22]. 
In this patented formulation, LF slag and gypsum act as 
the primary binder (cement), while pozzolanic additives 
include acidic sludges, various slags, and calcium car-
bonates – including EAF slag in amounts ranging from 
9.5 to 23.0 %. The developed composite water-resistant 
gypsum-based binder made it possible to  achieve com-
pressive strengths in the  range of  5 to  10 MPa in con-
struction products. 

 Methodology for optimisation

Further investigation of  this binding system showed 
that increasing the proportion of EAF slag leads to a sig-
nificant improvement in concrete strength. Notably, 
EAF slag can be added to the binder in the form of fine 
screening material (fraction 0 – 5 mm). Therefore, opti-
mization of the strength properties of such concrete was 
carried out  using experimental design methods, namely 
the simplex lattice method, with the test results described 
by a third-degree polynomial. The varying factors selected 
for the optimization were the contents of EAF slag, LF 
slag, and gypsum dihydrate in the raw mix. The intervals 
of variation for each factor are given in Table 1.

The scope of optimization is shown in Fig. 2.
According to  the  experimental plan, raw mixtures 

were prepared and mixed with water at a water-to-solid 
ratio of  0.4:1. The concrete was poured into standard 
molds and cured under air-dry conditions for seven days. 
After this curing period, compressive strength was mea-
sured and used as the response function. 

 Results and discussion

The experimental plan and the results of compressive 
strength testing after 7 days are presented in Table 2.

Fig. 3 shows the overall distribution of  the  response 
function for the  compressive strength of  the  slag-based 
binder. 

Table 1. Intervals of the factors variation

Таблица 1. Интервалы варьирования факторов

Factor
Variation intervals, wt. %

upper lower
EAF slag content 25 75
LF slag content 25 75
Gypsum dihydrate content 0 50

2 Emaco is a registered trademark. URL: https://mpkm.org/masterem
aco/?yclid=11188805335159930879 (accessed: October 9, 2024).

https://mpkm.org/masteremaco/?yclid=11188805335159930879
https://mpkm.org/masteremaco/?yclid=11188805335159930879
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Fig. 4 presents the  isolines of  equal compressive 
strength for the slag-based bind.

Point A in Fig. 4 corresponds to  the maximum com-
pressive strength of  the  binder  – 50.4 MPa  – achieved 
at  an EAF slag content of  42.0 %, LF slag content 
of 42.0 %, and gypsum dihydrate content of 16.0 %. 

The results of  testing mineral binding agents based 
on steelmaking slags formed under modern steel pro-
duction conditions confirm the  feasibility of  processing 
these slags using alternative approaches to  those cur-
rently in use. Instead of limiting slag processing to con-

Fig. 2. Scope of optimisation

Рис. 2. Область проведения оптимизации

Fig. 4. Isolines of equal compressive strength 
when compressing the binder 

Рис. 4. Изолинии равного предела прочности 
при сжатии вяжущего

Fig. 3. General view of response function distribution 
for compressive strength of the binder 

Рис. 3. Общий вид распределения функции отклика 
для предела прочности при сжатии вяжущего

Table 2. Experimental plan and test results

Таблица 2. План проведения эксперимента 
и результаты испытаний

Content in the mix, wt. %
R7c , MPa

EAF slag LF slag gypsum
41.67 58.33 0 33.5
25.00 58.33 16.67 33.4
33.33 33.33 33.33 34.2
33.33 58.33 8.33 37.2
58.33 41.67 0 35.2
41.67 25.00 33.33 34.5
75.00 25.00 0 34.2
41.67 41.67 16.67 50.8
25.00 41.67 33.33 31.2
25.00 75.00 0 23.2
41.67 41.67 16.67 49.9
25.00 25.00 50.00 21.1
58.33 33.33 8.33 52.1
58.33 25.00 16.67 39.8
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ventional crushing and size classification, it is proposed 
to use steelmaking slags as raw materials for producing 
dry construction and concrete mixes. These products 
offer significantly higher market value compared to clas-
sified slag gravel and sand. Such mixes can be manufac-
tured at existing dry mix production facilities, requiring 
only minimal modifications to the slag handling sections 
of metallurgical plants. 

 Conclusions

Steelmaking slags generated during the  steel smel
ting process contain hydraulically active phases that are 
capable of hardening upon contact with water. This study 
examined current methods for processing steelmaking 
slags and explored ways to impart the properties of mine
ral binding agents to  them. A sulfate treatment method 
was proposed to activate the hydraulically active phases 
contained in the  slags. As a result of  sulfate activation, 
the  resulting slag-based mineral binder exhibits high 
physical and mechanical properties, comparable to those 
of  binders produced with Portland cement. It is recom-
mended that this slag-based binder be used for the pro-
duction of dry construction and concrete mixes suitable 
for both road building and general-purpose construction 
applications.
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