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Аннотация. При выплавке стали огнеупорный материал, используемый в качестве футеровки, легко разрушается за счет шлака, что не только 

уменьшает срок службы керамики, но и снижает качество продукции, увеличивая количество неметаллических включений в металле. 
Если шлак имеет хорошую смачиваемость, то он стремится проникнуть в огнеупор через поры и трещины. В результате образуется 
пограничный слой со структурой и свойствами, отличными от исходного огнеупора. В данной работе для исследования взаимодействия 
огнеупорного материала на базе Al2O3 с жидким шлаком 45 % CaO – 40 % Al2O3 – 10 % SiO2 – 5 % MgO был использован метод лежащей 
капли. Показано существенное снижение значений краевого угла смачивания до 20° в первые 5 мин опыта и последующее незначи-
тельное уменьшение до 13,5° в течение 115 мин. Исследована микроструктура и выполнено элементное картирование границ поперечных 
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Abstract. In steelmaking, the refractory material used as a lining is easily destroyed by slag, which not only decreases the service life of ceramics 

but also makes worse a production quality because of increase in the number of nonmetallic inclusions in metal. If the slag has good wetta-
bility, it tends to penetrate the refractory through pores and cracks. As a result, a boundary layer is formed, which has a structure and properties 
different from the initial material. The sessile drop method was used to study the interaction of Al2O3-based refractory ceramics with the liquid 
slag 45 % CaO – 40 % Al2O3 – 10 % SiO2 – 5 % MgO. The substantial decrease in the wetting angle to 20° in the initial 5 min of experiment and 
the further small decrease to 13.5° in the next 115 min were observed. The microstructural examination and elemental mapping of the boundaries 
of cross sections of slag and ceramics were carried out. The slag consists of several phases, namely: Ca2(Mg0.25Al0.75 )(Si1.25Al0.75O7 ); CaAl2O4 , 
CaAl4O7 and MgAl2O4 . As was found, the slag–ceramics boundary layer consisted of calcium aluminate (CaAl4O7 ) and, at the grain bounda
ries of aluminum oxide in the refractory material, hibonite (CaAl12O19 ) was formed. X-ray diffraction analysis of initial ceramics showed that 
it contained ~8 % CaAl4O7 , and after interaction with the slag ~32 % CaAl12O19 . At a depth of 4 mm, the presence of calcium aluminates both 
in the central and peripheral zones of ceramics was observed. This indicates the slag penetration into the ceramics and their chemical interaction. 
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 Introduction

The increasing requirements for steel quality and 
the improvement of steel cleanliness through the removal 
of nonmetallic inclusions are among the main objectives 
of metallurgy. Nonmetallic inclusions are formed during 
steel deoxidation, erosion and corrosion of  refractories, 
ingress of  slag particles into the melt, and directly dur-
ing metal solidification. In steelmaking, the  refractory 
used as a lining is easily destroyed by slag, which not 
only decreases the service life of refractory ceramics but 
also reduces production quality by increasing the number 
of nonmetallic inclusions in the metal. Frequent replace-
ment of  refractories increases costs and decreases pro-
ductivity, thus negating the  advantages of  introducing 
new methods for liquid steel treatment.

As noted in  [1 – 3], the  destruction of  refractories 
is most often caused by chemical corrosion and slag 
penetration. Corrosion damage of refractory ceramics is 
mainly due to  their chemical interaction with slags  [4]. 
The corrosion behavior is strongly influenced by the wet-
tability of  refractories by slags  [5; 6]. Good wettability 
indicates active interaction and means that the slag easily 
reacts with the  refractory material, causing its chemical 
corrosion [6 – 9]. If the slag has good wettability, it tends 
to penetrate the refractory through pores and cracks [10]. 
As a result, a boundary layer is formed, with structure and 
properties different from those of the initial refractory.

Developing refractories resistant to  slag attack 
remains a significant research focus in modern metal-
lurgy  [11 – 15]. Thermophysical properties, viscosity, 
surface tension, and wetting angle are the primary indi-
cators of  slag–refractory interaction and penetration. 
In recent decades, numerous studies of  the  interaction 
between refractories and various slags have employed 
the sessile drop method, in which a slag sample is placed 
on a refractory ceramic substrate  [7 – 9; 16 – 18]. This 
method makes it possible to  analyze the  wettability 
of refractory ceramics by slag melts, to study surface ten-
sion and wetting angle as functions of  temperature, gas 
phase, and contact time between the  drop and the  sub-

strate, and to examine the chemical interaction between 
the refractory and the slag.

An important aspect of  metallurgical production is 
purging of  the  melt with inert gases at various stages 
of steel treatment. During ladle treatment, purging plugs 
interact both with liquid metal  [19] and, after the  melt 
has been poured out of  the  ladle, with slag. This ser-
vice environment leads to  wear of  the  plugs; therefore, 
to  study changes in the  composition of  the  plug cera
mics, it is necessary to  investigate their interaction 
not only with liquid steel but also with slag. As a rule, 
a  typical ladle slag used in the  processing of  low-car-
bon steels (pipe steels, automotive sheet steels, etc.) has 
the  composition: 45 % CaO, 40 % Al2O3 , 10 % SiO2 , 
5 % MgO, with basicity CaO/SiO2 = 4.5. The purpose 
of  this study is to  investigate the  interaction of  slag in 
the  CaO – Al2O3 – SiO2 – MgO system with Al2O3-based 
ceramics, and to  analyze changes in the  microstructure 
and macrostructure of the ceramics and the slag as func-
tions of temperature and interaction time.

 Materials and methods

The materials investigated were the  refractory used 
to  manufacture ladle purging plugs (95.81 % Al2O3 , 
2.22 % MgO, 1.35 % CaO, 0.33 % Na2O, 0.06 % SiO2 , 
0.02 % Fe2O3 ) and a ladle slag (45 % CaO, 40 % Al2O3 , 
10 % SiO2 , 5 % MgO). The slag of  this composition 
was prepared from pre-annealed pure oxides. The oxide 
powders were first mixed in a vibratory cup mill (IV-1). 
The obtained mixture was then melted in an Al2O3 cru-
cible placed inside an outer graphite crucible, using 
an induction furnace powered by a high-frequency gene
rator CEIA Power Cube 180/50 (50 kHz, 180 kVA). After 
melting, the resulting slag was crushed and pressed into 
pellets 6 mm in diameter, 6 mm in height, and weighing 
approximately 0.3 g.

The experiments were conducted in a vacuum resis-
tance furnace equipped with a graphite heater, hou
sing a seamless molybdenum tube. A ceramic substrate 
(40×30×6 mm) was placed on a stand at the tube center, 

срезов шлака и керамики. Показано, что шлак состоит из нескольких фаз: Ca2(Mg0,25Al0,75)(Si1,25Al0,75O7 ), CaAl2O4 , CaAl4O7 и MgAl2O4 . 
Обнаружено, что пограничный слой шлак – керамика состоит из алюмината кальция (CaAl4O7 ), а на границах зерен оксида алюминия 
огнеупора происходит образование фазы ибонита (CaAl12O19 ). Рентгенофазовый анализ исходной керамики показал, что она содержит 
~8 % CaAl4O7 , а после взаимодействия со шлаком ~32 % CaAl12O19 . Анализ керамики на глубине около 4 мм показал присутствие алюми-
натов кальция как в центральной, так и в краевых областях. Это указывает на проникновение шлака в керамику и его химическое взаимо
действие с ней. 

Ключевые слова: огнеупорная керамика, шлак, оксид алюминия, взаимодействие шлак – керамика, краевой угол смачивания, микроструктура, 
рентгенофазовый анализ
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and a slag pellet was positioned on the substrate surface. 
An optical system provided magnified imaging, which 
was recorded with a digital camera for subsequent pro-
cessing. A detailed description and schematic of the setup 
are given in  [20]. The experiments were performed 
as follows. The  system was evacuated to  5 Pa, after 
which the  slag sample was heated to  1273 K. The  test 
was then carried out in an atmosphere of  high-purity 
Ar. After the  slag melted and the  temperature reached 
1783 – 1793 K, the  sample was held isothermally for 
2 h. Changes in the slag pellet profile were recorded with 
a  digital camera as functions of  holding time and tem-
perature. Upon completion of the experiments, cross sec-
tions of  the  slag and ceramics at the  contact area were 
prepared, and the  interaction zone was examined using 
a scanning electron microscope (SEM) equipped with 
an electron probe microanalyzer JEOL JXA-iSP100. For 
X-ray diffraction (XRD) analysis, a Tongda TD-3700 
diffractometer with a vertical goniometer and a high-
speed Mythen detector was used. The phase composition 
of the samples was determined with the QualX software 
package using the PDF2 ICDD database, while the quan-
titative phase composition was refined in the MAUD soft-
ware package by the Rietveld method.

 Results and discussion

The interaction of  slag (45 % CaO, 40 % Al2O3 , 
10 % SiO2 , 5 % MgO) with aluminum oxide-based re
fractory ceramics was studied. Fig. 1 shows the change 

in the  slag sample profile depending on temperature 
and holding time. From the recorded images of the slag 
drop profile, the  wetting angle (Fig. 2) was calculated 
as the  mean value between the  right and left con-
tact angles. Notably, the  starting point of  measure-
ment corresponded to  the  onset of  slag tablet melting 
(Fig. 1, a), whereas the formation of a completely liquid 
slag drop (Fig. 1, d) occurred only after 220 s. Analy-
sis of  the wetting angle revealed a sharp decrease dur-
ing the  first 5 min of  the  test and a short plateau last-
ing 1.5 – 3.0 min (31.0 – 29.5°), probably associated 
with the  melting process. After complete formation 
of  the  drop, the  wetting angle (θ) decreased from 28 
to 20° within 1.5 min (up to 5 min of the test), followed 
by a gradual decrease to 13.5° over 115 min. Fig. 2 shows 
the variation in the wetting angle with temperature and 
holding time. During the test, partial penetration of slag 
into the  ceramics was observed (Figs. 1, e – f). These 
findings demonstrate good wettability of  the  refrac-
tory ceramics by the slag, which can subsequently lead 
to erosion and chemical corrosion, ultimately reducing 
the service life of the refractory [5; 21; 22]. Therefore, 
the microstructure of the slag and ceramics after the test 
was examined in more detail.

Fig. 1 shows a cross section of the ceramic substrate 
after the  experiment, indicating the  zones of  slag and 
ceramics where the  analyses were performed. Using 
a scanning electron microscope JEOL JXA-iSP100, 
the  slag–ceramics interaction zones (zones  1 and  2 in 

Fig. 1. Slag sample profile depending on holding time and temperature (а – f);  
cross section of ceramic substrate after experiment with indication of slag and ceramics zones (1 – 5) (g) 

Рис. 1. Изменение профиля образца шлака в зависимости от времени выдержки и температуры (а – f) 
и поперечный срез керамической подложки после эксперимента с указанием исследуемых участков шлака и керамики (1 – 5) (g)
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Fig. 1) and various zones of the ceramics (zones 3 – 5 in 
Fig. 1) were examined.

Fig. 3 presents the  microstructure and elemental 
mapping of  the  slag–ceramics boundary layer (zone  1 
in Fig. 1). The slag consists of  several structural zones: 
light-gray, gray, and dark-gray. In the  light-gray zone, 
the presence of calcium, silicon, aluminum, and magne-
sium was observed (spectrum 1–1 in Fig. 3). The elemen-
tal compositions of  the  spectra are given in the  Table. 
The  gray zone contains aluminum and calcium (spect
rum  1–2 in Fig. 3), whereas the  dark-gray zone is rich 
in magnesium and aluminum (spectrum  1–3 in Fig. 3). 
XRD analysis of  the  initial slag (Fig. 4, a) and the  slag 
after interaction with ceramics (Fig. 4, b) showed that it 
consists of four phases: Ca2(Mg0.25Al0.75 )(Si1.25Al0.75O7 ), 
CaAl2O4 , CaAl4O7 , and MgAl2O4 . Based on the elemen-
tal analysis, it can be assumed that the  light-gray zone 
corresponds to Ca2(Mg0.25Al0.75)(Si1.25Al0.75O7 ), the dark-
gray zone to MgAl2O4 , and the gray zone to calcium alu-
minates [23]. The quantitative phase ratio changed only 
slightly before and after the  experiment: approximately 
62 and 57 % for Ca2(Mg0.25Al0.75 )(Si1.25Al0.75O7 ), 16 and 
15 % for CaAl2O4 , 10 and 14 % for CaAl4O7 , and 14 and 
14 % for MgAl2O4 , respectively.

Elemental analysis and mapping of  the  ceramics 
interaction zone (Fig. 3) revealed possible diffusion 
of magnesium and calcium from the  slag into the  cera
mics (spectra 1–4 and 1–5 in Fig. 3). The boundary layer 
consists of  calcium aluminate (spectrum 1–6 in Fig. 3), 
which, according to the phase diagram [23], corresponds 
to CaAl4O7 . At the grain boundaries of aluminum oxide 
(spectrum 1–7 in Fig. 3), a phase containing calcium and 
aluminum (spectrum 1–8 in Fig. 3) was detected, corres
ponding to hibonite (CaAl12O19 ). Small aluminum oxide 
grains were found to  have completely transformed into 

hibonite (spectrum 1–9 in Fig. 3. XRD analysis of the ini-
tial ceramics (Fig. 4, c) showed that it contained approxi-
mately 82 % Al2O3 , 10 % MgAl2O4 , and 8 % CaAl4O7 . 
After interaction with the  slag (Fig. 4, d), the  cera
mics consisted of  about 56 % Al2O3 , 12 % MgAl2O4 , 
and 32 % CaAl12O19 . These results indicate penetration 
of slag into the ceramics and its chemical interaction with 
the  material, accompanied by the  formation of  calcium 
aluminates.

Fig. 5 shows the  microstructures of  the  slag–cera
mics interaction zone (zone  2 in Fig. 1) and various 
zones of the ceramics (zones 3 – 5 in Fig. 1). Elemental 

Fig. 2. Wetting angle depending on temperature and holding time: 
 – θ, deg;  – T, K

Рис. 2. Изменение краевого угла смачивания 
в зависимости от температуры и времени выдержки: 

 – θ, град;  – Т, К

Fig. 3. Microstructure (backscattered electron mode) 
and elemental mapping of the boundary of slag–ceramics cross section 

(zone 1, Fig. 1). Elemental analysis of spectra is given in Table

Рис. 3. Микроструктура (режим обратно отраженных электронов) 
и элементное картирование границы поперечного среза 

шлак – керамика (участок 1 на рис. 1).  
Элементный анализ спектров представлен в таблице
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analysis of the slag–ceramics interaction zone (Fig. 5, a) 
demonstrates that (1) the slag phase also consists of three 
structural zones (spectra  2–1 to  2–3 in Fig. 5, a); (2) 
the  interfacial zone is composed of  calcium aluminate 
(spectrum 2–4 in Fig. 5, a); and (3) as in the central inte
raction zone, complete transformation of small aluminum 
oxide grains into hibonite (CaAl12O19 ) (spectrum 2–5 in 
Fig. 5, a) and its formation along the boundaries of larger 
grains were observed (spectra 2–6 and 2–7 in Fig. 5, a).

Elemental analysis of  the  central zone of  the  cera
mics at a depth of about 4 mm (Fig. 5, b) revealed both 
the alumomagnesium component of the ceramics (spect
rum  3–1 in Fig. 5, b) and an increased calcium content 
(spectra  3–2 and 3–3 in Fig. 5, b). This confirms slag 
penetration into the ceramic substrate during the experi-

Elemental composition of the slag and ceramics  
represented in Figs. 4 and 5

Элементный состав шлака и керамики, 
представленных на рис. 3 и 5

Figure Spect
rum

Elemental composition, wt. %
O Mg Al Si Ca Na

3

1–1 41.24 2.23 22.03 8.33 26.17 –
1–2 43.29 0.49 39.86 0.82 15.54 –
1–3 45.89 17.28 36.83 – – –
1–4 47.74 13.21 38.28 – 0.77 –
1–5 48.97 0.38 45.20 0.63 4.82 –
1–6 44.11 0.61 39.58 0.80 14.9 –
1–7 50.15 – 49.85 – – –
1–8 47.32 0.41 45.66 0.84 5.77 –
1–9 46.15 0.43 46.24 0.83 6.35 –

5

2–1 39.98 2.59 21.59 8.55 27.29 –
2–2 43.14 0.77 40.57 – 15.52 –
2–3 44.36 17.69 37.82 – 0.13 –
2–4 43.84 0.31 40.84 – 15.01 –
2–5 46.17 0.44 46.33 0.82 6.24 –
2–6 46.14 0.38 46.84 0.55 6.09 –
2–7 48.13 – 51.87 – – –
3–1 47.23 11.92 40.85 – – –
3–2 49.49 1.73 43.61 – 4.66 0.51
3–3 48.66 1.95 44.45 – 4.94 –
4–1 44.11 2.01 46.77 – 7.11 –
4–2 50.12 1.89 43.87 – 4.12 –
4–3 45.07 – 41.22 – 13.71 –
5–1 46.83 10.62 42.55 – – –
5–2 47.36 – 52.64 – – –
5–3 43.40 – 40.90 – 15.70 –
5–4 46.20 1.89 45.78 0.50 5.63 –

Fig. 4. XRD spectra of the initial slag (а), slag after its interaction 
with ceramics (b), those of the initial ceramics (c), 

and after its interaction with slag (d) 

Рис. 4. Дифракционные спектры исходного шлака (а), 
шлака после взаимодействия с керамикой (b), исходной 

керамики (c) и керамики после взаимодействия со шлаком (d)

Fig. 5. Microstructure (backscattered electron mode) 
of the various zones shown in Fig. 1: 

а – zone 2; b – zone 3; c – zone 4; d – zone 5.
 Elemental analysis of spectra is given in Table

Рис. 5. Микроструктура (режим обратно отраженных электронов) 
различных областей на рис. 1: 

а – участок 2; b – участок 3; c – участок 4; d – участок 5. 
Элементный анализ спектров представлен в таблице
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ment. Figs. 5, c and d show the edge zones of the ceram-
ics at a depth of approximately 4 mm. These zones con-
tain the  alumomagnesium component (spectrum  5–1 in 
Fig. 5, d) and aluminum oxide grains (spectrum  5–2 in 
Fig. 5, d), as well as areas with elevated calcium content 
(spectra 4–1 to 4–3, 5–3, and 5–4 in Figs. 5, c, d), corres
ponding in composition to phases close to calcium alumi-
nates CaAl4O7 and CaAl12O19 .

Thus, it can be concluded that during the  experi-
ment, chemical interaction of  the  slag with the  cera
mics occurred, resulting in the  formation of  hibonite 
(CaAl12O19 ) within both small and large aluminum oxide 
grains, accompanied by noticeable slag penetration into 
the ceramic substrate.

 Conclusions

The interaction of  aluminum oxide-based refractory 
ceramics, used in the  manufacture of  purging plugs, 
with ladle slag of  composition 45 % CaO, 40 % Al2O3 , 
10 % SiO2 , and 5 % MgO was investigated. A substantial 
decrease in the wetting angle (θ) to 20° was observed dur-
ing the first 5 min of the test, followed by a slight further 
decrease to 13.5° over 115 min. This indicates good wet-
tability of aluminum oxide-based refractory ceramics by 
the slag.

Microstructural examination and elemental mapping 
of  the  cross-sectional slag–ceramics boundary layer 
revealed that the slag consists of several structural zones: 
light-gray, gray, and dark-gray. According to XRD analy
sis, the  light-gray zone corresponds to  the  compound 
Ca2(Mg0.25Al0.75)(Si1.25Al0.75O7 ), the  dark-gray region 
to MgAl2O4 , and the gray region to calcium aluminates. 
Only minor changes in the  phase ratios were observed 
before and after the experiment.

Analysis of  the  interaction zone showed possible 
diffusion of  magnesium and calcium from the  slag 
into the  ceramics. The slag–ceramics boundary layer 
was found to  consist of  calcium aluminate (CaAl4O7 ). 
At  the grain boundaries of  aluminum oxide, the  forma-
tion of a phase corresponding to hibonite (CaAl12O19 ) was 
observed. Small aluminum oxide grains were completely 
transformed into hibonite. XRD analysis of  the  ini-
tial ceramics showed that it contained approximately 
8 % CaAl4O7 , while the  ceramics after interaction with 
slag contained about 32 % CaAl12O19 . This confirms slag 
penetration into the ceramics and its chemical interaction 
with the material accompanied by the  formation of cal-
cium aluminates.

Elemental analysis of the ceramics at a depth of about 4 
mm revealed the presence of calcium aluminates (close in 
composition to CaAl4O7 and CaAl12O19 ) in both the cent
ral and peripheral zones. This indicates slag penetration 
into the ceramic substrate during the experiment.
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