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Abstract: This study investigated the effect of the CaO/SiO2 mass ratio of steel slag on the corrosion
behavior of spinel-forming alumina-based castables with a content of MgO (3–7 wt.%). Equiweight
mixtures of castables and slags were calculated by FactSage, observed by HMTA, fired at 1350 ◦C,
and investigated by XRD. From these results, we conclude that the presence of SiO2-rich phases
accelerates the growth of the liquid phase in a narrow temperature range for the tested samples,
which accelerates the degradation of castables. The static corrosion test was conducted by means of
the coating method at 1450 ◦C. The corrosion index (IC) in the regions of castables affected by slags
was calculated. Phases and phase distributions were evaluated by SEM-EDS. From these results, we
conclude that for the slag with the lowest mass ratio of CaO/SiO2 (1.1), the reaction zone occurs only
below the slag-refractory interface, which indicates the aggressive character of this slag.

Keywords: high-temperature slag corrosion; castables; refractories; microstructure changes;
thermochemical calculations

1. Introduction

Castables are widely used as a lining for the metal line and the bottom of steelmaking
ladles; although contact with the liquid slag is not continuous, contact does occur in
certain steps of the process [1]. Progressive technological development has made cement
castables, i.e., low-cement castable (LCC) and ultra-low-cement castable (ULCC), less
often used in today’s industry. The above-mentioned castables differ in their CaO content:
LCC (1–2.5 wt.%), ULCC (0.2–1 wt.%), and NCC (<0.2 wt.%) [2]. Currently, no-cement
castables (NCC) are increasingly used. In comparison, the reactive powders Al2O3, MgO,
microsilica, and sols are widely used as binders [3]. Reducing the overall CaO content of
the castable to a minimum allows the reduction of porosity, the increase of strength, and
an improvment to both refractory and corrosion properties [4]. LCC castables are often
supplemented with microsilica. This common phenomenon is due to several factors. One
of the main features is the ability to react and form strong bonds, both at low and high
temperatures. The use of small amounts of microsilica in castables promotes hydration
resistance, e.g., MgO. The porosity of such a castable is also reduced, and the mechanical
properties are improved [4–6]. However, if the CaO content in the castables is too high,
low-melting phases (e.g., anorthite: 1553 ◦C and gehlenite: 1593 ◦C) [7] may form in
reaction with SiO2, which negatively affect the properties of the concretes. Therefore, the
use of microsilica is only beneficial in castables with a low CaO content or in castables
not containing CaO [8]. Therefore, good technological properties can be proposed as
castables composed of corundum as aggregates and a cement-free binder containing fine
powders of MgO, Al2O3, and SiO2. This enables the ability to obtain a resistant material.
Therefore, in this study, spinel-forming alumina castables with different amounts of MgO
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were tested. The new generation of cement-free castables eliminates the need to use a large
amount of mixing water, which increases the material’s resistance to high temperatures
and reduces the tendency to crack and corrode [9,10]. Many authors have tested castables
by modifying their composition. Analysis of the literature [11–15] showed that the use of
spinel in castables, both spinel-forming and spinel-containing, as well as the content of
microsilica in castables, has an impact on the technological solutions of castables.

The use of spinel (MgAl2O4) in castables increases both the slag corrosion resistance
and the erosion resistance, and increases the operating temperatures [16]. The slag corrosion
resistance of castables containing spinel, as well as the mechanism of the castables’ reaction
in contact with slag, have been investigated by many authors [17–25].

Spinel can be added to castables in two ways: as prefabricated spinel or by the in
situ matrix reaction of Al2O3 with MgO. The optimal prefabricated spinel content is in
arange from 15 to 30 wt.%. However, a spinel content of between 20 and 25 wt.% is most
preferred [16]. Spinel content that is too low increases the rate of corrosion reactions. On the
other hand, too much spinel in the material results in deeper penetration of the material by
the slag [26,27]. Yamamura et al. [28], assessed the corrosion resistance and penetration of
alumina spinel castables with different cement content using slag. Based on these studies,
it was found that the corrosion of the material increases with the increase of CaO content in
the material. By using a prefabricated spinel, the risk of cracking as a result of hydration
of free MgO is reduced [29]. Spinel formation, as seen in the in situ reaction, results in
the spinel being better dispersed in the matrix than the prefabricated spinel. In situ spinel
formation involves the expansion of the material’s volume as a result of its formation and
creates stresses. Additionally, microcracks may occur due to differences in the density
of MgO, Al2O3, and MgAl2O4, which could favor slag penetration into the material [26].
Therefore, in the present tests, corrosion was carried out on previously fired castables
where the spinel forming process was completed. The advantage of in situ spinel over
prefabricated spinel is the lower costs of its use [30]. Another important aspect is the
grain size of the spinel. Spinel must be added predominantly to the fine fraction of the
castable formulation to attain the best penetration resistance [16]. The stoichiometry of
spinel also has a significant influence on the chemical and physical properties. Compared
with stoichiometric spinels, alumina-rich spinels are superior. The stoichiometric amount of
Al2O3 in spinel is 71.67 wt.%. The commercially available spinels MR66, AR78, and AR90
are distinguished by their chemical composition, containing 66%, 78%, and 90% alumina,
respectively [31]. Diaz et al. concluded that the corrosion thickness increases with an
increase in magnesia content in the castable [32]. However, there are not many publications
that investigate this problem with calcium aluminate cement-free (CAC-free) refractories.

Steel slag, a by-product of steelmaking processes, is a group of materials diverse in
terms of composition that cause the corrosion of castables. Depending on the feedstock
used in the smelting process, the slag may contain ores, impurities, fluxes, metal oxides,
and residues from the coal or coke combustion process. Steel slag is formed by smelting
steel in converters, and slag from the oxygen converter (LD), slag from steel refining
in the ladle (VAD, VOD, LF) [33–35], slag from the electric arc furnace, and slag from
the tundish from the continuous casting of steel can be distinguished. Two methods of
obtaining steel in converters with bottom blowing are the most widely used. The main
oxides in the converter slag are CaO and Fe2O3, but there may also be oxides of MgO,
Al2O3, SiO2, MnO, P2O5, and TiO2 [36]. Due to their chemical nature, we can distinguish
acidic slags (the main component is SiO2) and basic slags (the main component is CaO).
The CaO/SiO2 (C/S) ratio in the slag determines its chemical nature and has a significant
impact on the corrosion resistance of the refractory lining. The basic quaternary system of
slag (VOD) is CaO-SiO2-MgO-Al2O3. In this system, the slag phases that can coexist with
each other include CA2-CA-C2AS, CM2A8-C2AS-CAS2, CAS2-CMS2-S, C2MS2-CS-C2AS,
and CM2A8-CAS2-A [37–40].

It is difficult to relate corrosion test results of castables on a laboratory scale to in-
dustrial conditions, but such attempts are made. Various methods are used to determine
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the corrosion resistance of refractory material. Dynamic methods are characterized by
the displacement of slag in relation to the refractory working surface and static meth-
ods. Static methods include immersion, contact, pyrometric cone, and crucible methods.
The rotary kiln method, induction furnace method, and finger test method are dynamic
methods [41,42]. In this study, the contact method was used.

The aim of the work is to investigate the corrosive properties of spinel-forming alu-
mina castables with different contents of MgO (3,5 i 7 wt.%) in contact with slags with
different mass ratios of C/S from 1.1, 3.5, and 5.5 and to predict possibly occurring corrosion
mechanisms between the tested castables and slags. Analyses were carried out on mixtures
composed of 50 wt.% castables and 50 wt.% slag. In order to predict the probable sequence
of development of the resultant reactions of MgO, Al2O3, and SiO2 from castables and sim-
ple oxides from slags at increasing temperatures, FactSage thermochemical software was
used for the thermodynamic analysis of the phase transformation. To determine changes in
phase properties of mixtures containing castables and synthetic slags at increasing tempera-
tures, heating microscopy thermal analysis (HMTA) was performed. The high-temperature
analysis study was conducted in the temperature range of 25–1450 ◦C. Moreover, the X-ray
diffraction (XRD) of castable samples and equiweight mixtures of castables with slag after
heat treatment was carried out. A static corrosion test using the coating method was also
performed for three rectangular samples of castables with different wt.% of MgO and three
slags with different C/S mass ratios. The corrosion test was carried out at a temperature
of 1450 ◦C. After the corrosion test, the corrosion index (IC) was determined for the tested
samples using the MATLAB calculation program. Additionally, this paper presents the
results of the SEM-EDS analysis for castables with 7 wt.% of MgO and three types of slags.
The probable reaction mechanisms occurring during corrosion were determined on the
basis of the results of this analysis. The division into zones formed during the processes
has been determined.

2. Materials and Methods
2.1. Preparation of Spinel-Forming Alumina Castablesand Characterization Methods

Alumina-spinel castables were prepared using white tabular alumina from Alma-
tis and electrocorundum as aggregates, alumina fines (reactive aluminas from Almatis),
1 wt.% of silica fume from Elkem, magnesia, chemical admixture Lithopix–P5 (Zschim-
mer&Schwarz, Germany), and 5.5 wt.% of water. Three types of castables were prepared,
differing in the content of MgO: 3 wt.% (A), 5 wt.% (B), and 7 wt.% (C). After the dry
and wet mixing procedures, the prismatic samples were cast, cured at room temperature
for 24 h under a relative humidity of ~90%, dried at 110 ◦C for another 24 h, and finally,
heat-treated for 10 h at 1500 ◦C. As a result of this process, an in situ spinel was formed.

For corrosion tests using the contact method, three samples were cut from each type
of castable: A, B, and C, with dimensions of approximately 60 × 50 × 20 mm. For X-ray
diffraction (XRD) uncorroded castable analysis, as well as for further corrosion tests, the
castable pieces were ground using a ball mill to obtain fine powders with grains below
63 µm.

The values of apparent density and open porosity of the castables were determined
using Archimedes’ principle (hydrostatic weighing method).

2.2. Preparation of Synthetic Steel Slags

The three synthetic slag compositions studied in the present investigation were for-
mulated according to alkalinity (C/S mass ratio): 5.5 (S3), 3.5 (S2), and 1.1 (S1). The
materials used for synthesis were CaCO3 (99%, CHEMPUR), SiO2 (96.5%, POCH), MgO
(98%, Acros Organics), Al2O3 (99%, Acros Organics), MnO (99%, Sigma-Aldrich), Fe2O3
(97%, Sigma-Aldrich), and TiO2 (98%, POCH) as reagents. Dry powders were weighed
according to each planned C/S mass ratio and homogenized for 2 h in a vibratory ball mill.
The homogenized mixtures were then pressed into cylinders and calcined at 1000 ◦C for
10 h. The cylindrical samples were ground in a ball mill to obtain the powder for further
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corrosion investigation. The three mixes containing the calcined slags and CaF2 as a VOD
flux (0.5 wt.%) were homogenized for 30 min and were left for further research in a desicca-
tor. The intended composition of the slag S1 contained 41.71 wt.% CaO, 37.37 wt.% SiO2,
11.96 wt.% MgO, 6.68 wt.% Al2O3, 0.60 wt.% MnO, 1.40 wt.% Fe2O3, 0.30 wt.% TiO2. Slag S2
contained 36.23 wt.% CaO, 10.16 wt.% SiO2, 16.44 wt.% MgO, 35.37 wt.% Al2O3, 0.20 wt.%
MnO, 1.30 wt.% Fe2O3, 0.30 wt.% TiO2. Slag S3 contained 55.16 wt.% CaO, 9.96 wt.% SiO2,
4.58 wt.% MgO, 29.69 wt.% Al2O3, 0.20 wt.% MnO, 0.10 wt.% Fe2O3, 0.30 wt.% TiO2.

2.3. Thermodynamic Simulation of the Effect of Slag Chemistry on the Corrosion Behavior
Ofspinel-Forming Alumina Castables

Using FactSage thermochemical software (FS 6.4) and databases (FTmisc 6.4, FToxid
6.4, FactPS 6.4), thermodynamic simulations of three slags with different C/S mass ratios in
the temperature range of 1000–2000 ◦C were performed. These resulted in thermodynamic
predictions of solid and liquid phases of slags (S1, S2, and S3). In addition, nine reactive
mixtures composed of 50 wt.%slag and 50 wt.% castable were tested to predict the phase
compositions of each reactive mixture as a function of temperature (1250–1650 ◦C) fired
in the air. The calculations simulating the corrosive reactions in these mixtures consist of
finding the minimum Gibbs free energy and determining the composition of the tested mix-
tures depending on the temperature. The data from Table 1 were used for the calculations.

Table 1. The overall chemical composition of mixtures containing 50 wt.% slag and 50 wt.% castable.

Sample
SiO2 CaO MgO Al2O3 TiO2 Fe2O3 MnO CaF2 C/S M/A C/A C/M

wt.% Mass Ratio

A_S1 19.16 20.65 7.47 51.33 0.15 0.70 0.30 0.25 1.08 0.15 0.40 2.76

A_S2 5.57 17.91 9.71 65.66 0.15 0.65 0.10 0.25 3.21 0.15 0.27 1.84

A_S3 5.48 27.36 3.79 62.83 0.15 0.05 0.10 0.25 5.00 0.06 0.44 7.22

B_S1 19.16 20.65 8.47 50.33 0.15 0.70 0.30 0.25 1.08 0.17 0.41 2.44

B_S2 5.57 17.91 10.71 64.66 0.15 0.65 0.10 0.25 3.21 0.17 0.28 1.67

B_S3 5.48 27.36 4.79 61.83 0.15 0.05 0.10 0.25 5.00 0.08 0.44 5.71

C_S1 19.16 20.65 9.47 49.33 0.15 0.70 0.30 0.25 1.08 0.19 0.42 2.18

C_S2 5.57 17.91 11.71 63.66 0.15 0.65 0.10 0.25 3.21 0.18 0.28 1.53

C_S3 5.48 27.36 5.79 60.83 0.15 0.05 0.10 0.25 5.00 0.10 0.45 4.73

This provided thermodynamic predictions of the solid phases and liquid phase of the
slags and reactive mixtures containing components of the cement-free corundum-spinel
refractory castable and steel slags when exposed to an oxidizing atmosphere vs. increasing
temperature; thermodynamic predictions of the CM2A8 solid phase of the reactive mix-
tures A_S1, B_S1, C_S1, A_S2, and B_S2 versus increasing temperature. Moreover, both
temperatures at the onset (i.e., the temperature at which the first portion of the liquid phase
is formed) and liquid content and chemical composition vs. temperature were determined.

2.4. Laboratory-Scale Investigations of the Mixtures Containing Alumina-Spinel Castablesand
Synthetic Slags Using the Heating Microscopy Thermal Analysis (HMTA) and X-Ray
Diffraction (XRD)

Heating microscopy thermal analysis (HMTA) and X-ray diffraction (XRD) were used
to analyze the changes in the phase properties of the mixtures containing alumina-spinel
castables and synthetic slags vs. an increasing temperature. For this purpose, reactive
mixtures of castables and slags in a ratio of 50:50 wt.% were prepared.

In order to prepare the mixtures, 50 wt.% castables and 50 wt.%, slag (previously
prepared powders) (Sections 2.1 and 2.2) castables (with MgO: 3 wt.%, 5 wt.%, and 7 wt.%)
with three types of slag calcinates differing in C/S mass ratio (from 1.1–5.5) were used.
Each of the castables was weighed to 10 g and mixed with each of the slag types, also
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10 g, which resulted in nine castable-slag mixtures. Then, the obtained mixtures were each
homogenized for approximately1 h. The compositions of the mixtures obtained (A_S1,
A_S2, A_S3, B_S1, B_S2, B_S3, C_S1, C_S2, C_S3) are shown in Table 1. Then, cylindrical
samples of these mixtures with a diameter of 2.54 cm were pressed using a hydraulic
hand press.

The cylindrical samples were fired at 1350 ◦C for 2 h. Then, the samples were crushed
to a powder with a grain size of less than 63µm.XRD analysis was performed on the powder
after corrosion. The ex situ XRD measurement was carried out at room temperature using
an X’Pert Pro PANalytical X-ray diffractometer, with Cu Kα radiation, 0.02◦ per step, and
3 s time per step (2θ-range of 10◦–90◦). High Score Plus software (PANalytical) with the
PDF-2 database supported by ICDD was used for data analysis.

For the HMTA, cubic samples were formed from the obtained reactive mixtures
of 50 wt.% castable and 50 wt.% slag. The homogenized mixtures were wetted using
ethanol and compacted into cubes of approximately 3 mm3 using a hand press. The high-
temperature analysis study was conducted in the temperature range of 25–1450 ◦C. The
samples were placed on a corundum plate and placed on a high-temperature microscope.
The test was carried out in an oxidizing atmosphere, and the heating rate was 10 ◦C/min.
The device’s camera captured a live image of the sample’s changes as the temperature rises.

The geometrical changes of the samples during heating were estimated by observing
changes in the height and shape of the sample at different temperatures throughout the
experiment. The images were recorded with a digital camera. Figure 1 show the shapes of
the samples at characteristic temperatures. Figure 1a show the initial shape of the sample at
room temperature. The initial deformation temperature (Figure 1b) is the first temperature
at which the shape factor changed by 1.5% with respect to the first image. The softening
point (Figure 1c) is the temperature at which the sample becomes more rounded during
heating and the surface of the sample changes. The sphere temperature (Figure 1d) is
the temperature at which the upper corners of the sample are completely rounded, and
the height of the sample equals its width. The hemisphere temperature (Figure 1e) is
the temperature at which the height of the sample is half of its base width. The flow
temperature (Figure 1f) is the first temperature at which the sample is melted to a third of
its original height.
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Figure 1. Shape changes of the sample during measurements with the heating microscope.
(a) starting shape; (b) deformation temperature; (c) softening temperature; (d) sphere temperature;
(e) hemisphere temperature; (f) flow temperature [43].

Formula (1) was used to determine changes in the shape of the tested samples. Based
on Formula (1) and the image from a digital camera, the calculation formula was estimated,
and with the help of the MATLAB program, the changes in the shape of the samples at
specific temperatures were determined. Each analysis was repeated three times, and the
standard deviation was within the range of the marker size used in the figures.

δT =
h(T)− h0

h0
× 100 [%] (1)

where:

δT—change of sample linear dimensions,
h0—sample height at room temperature,
h(T)—sample height at temperature T.
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2.5. Laboratory-Scale Static Corrosion Test by the Coating Method

The rectangular specimens cut from prefabricated castables A, B, and C were subjected
to the laboratory-scale static corrosion test by the coating method. For this purpose, the
slags containing CaF2 were pressed into cylinders of 2.54 cm in diameter and then applied
to the castable specimens according to the scheme presented in Figure 2a1. The corrosion
test was performed under the following conditions: a maximum temperature of 1450 ◦C, 5 h
to reach a maximum temperature, and a holding time of 2 h at the maximum temperature.
As a result of the high temperature, the slag zone above the slag–refractory interface and
the corroded area below the slag–refractory interface was formed (Figure 2a2).
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Figure 2. Method of determining the corroded area of castable below slag refractory interface area
and the original section area of castable in a graphic program. (a1,a2) Schematic diagram of stating
corrosion test by a coating method; (b) real images of the sample after the corrosion test.

At the last stage, the cross-section (cutting direction perpendicular to the slag-castable
contact line) of the samples necessary for IC determination was obtained using a precision
saw. Equation (2) and photos of the sample cross-sections were used to calculate the
corrosion index (IC). To conduct the SEM-EDS test, the cross-sectioned corroded samples
were immersed in resin and polished. Next, all samples were coated with carbon and
observed under SEM. For this purpose, the Phenom XL SEM was used. Measurements
were performed in the mode of 20 kV.

As shown in Figure 2, the graphic program marks the corroded area of the castable
below the slag–refractory interface (SC) and the original section area of castable (SO) of the
corroded samples. Using Formula 2, a script was written in the MATLAB calculation pro-
gram. This procedure made it possible to determine the corrosion index (IC) of castables A,
B, and C in contact with slags S1, S2, and S3, and finally, to compare the corrosion resistance
of the castables. Photographs of corroded castable cross-sections were used to perform the
calculations, as shown, for example, in Figure 2b. The results of the corrosion index (IC)
were repeated three times, which allowed for the determination of the standard deviation.

IC = SC/SO × 100 (%) (2)

where:

IC—the corrosion index,
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SC—the corroded area of castable below the slag-refractory interface,
SO—the original section area of castable.

3. Results
3.1. Thermodynamic Analysis of Reactive Mixtures Containing Components of Spinel-Forming
Alumina Castables and Steel Slags and Thermal Analysis with Microscopic Heating (HMTA)

FactSage thermochemical software was used to perform the thermodynamic analysis
of the phase transformation of the spinel-forming alumina castables during heat treatment
in the air in the presence of steel slag with the C/S mass ratio of 1.1 (S1), 3.5 (S2), 5.5 (S3).
Although the phase composition of castables with 3, 5, and 7 wt.% of MgO was established
as containing corundum and spinel phases, the phase changes of the reactive mixtures
considered in the thermodynamic calculations were evaluated in the interest of proving the
evolvement sequence of the resultants of reaction of MgO, Al2O3, and SiO2 from castables,
and simple oxides from slags. Thermodynamic analysis of the phase transformation of the
slag components S1, S2, and S3 was also performed. Hence, a thermodynamic calculation
was performed to predict the possible phases formed during corrosion.

All results are presented in Figures 3–6 and Table 2. The phase transformations with
slags vs. temperature S1, S2, and S3 are summarized in Figure 3a–c, respectively. In
Figure 4, thermodynamic predictions of the solid phases and liquid phase of the reactive
mixtures containing components of the spinel-forming alumina castable with 7 wt.% of
MgO (castable C) and steel slags with the C/S mass ratio of 1.1_S1 (a), 3.5_S2 (b), 5.5_S3 (c),
when exposed to an oxidizing atmosphere versus increasing temperature are presented.
Castable C (7 wt.% of MgO) shown in Figure 4a–c was selected due to literature reports on
the improvement of corrosion properties with the increase of spinel content. Castable C
showed the highest corrosion resistance, which will also be presented later in this paper.
Figure 5 show the thermodynamic predictions of the CM2A8 solid phase of the reactive
mixtures A_S1, B_S1, C_S1, A_S2, and B_S2 versus increasing temperature, because only
in these samples the CM2A8 phase was calculated. Additionally, Figure 6 present content
and chemical compositions of the liquid phase from the FactSage calculation in wt.%
vs. temperature of the reactive mixtures containing components of the spinel-forming
alumina castable with 7 wt.% of MgO (castable C) and steel slags with the C/S mass ratio
of S1 (a), S2 (b), and S3 (c). Table 2 show the onset temperature for the formation of the
liquid phase. The castable composition with slag used in the calculations was previously
presented in Table 1. A schematic diagram of the eutectic temperatures for binary and
ternary compounds based on the literature data [37,38,40,44–47] is presented in Figure 7,
which will allow for the interpretation of the results.

A thermodynamic analysis of the slag components in the temperature range of
1000–2000 ◦C was carried out. Based on this analysis, the phases C3MS2, C2MS2, CMS, the
liquid phase for the slag S1 (Figure 3a), C3MA2, C2S, C3MS2, MA phase, liquid phase, small
amounts of free oxides for the slag S2 (Figure 3b), C3A, C3MA2, C2S, liquid phase, small
amounts of free oxides for the slag S3 (Figure 3c) were calculated. The tested slags showed
differences in both quantitative and qualitative composition. In the temperature range of
1300–1500 ◦C, an accelerated increase in the number of liquid phases was observed, along
with an increase in the mass content of microsilica-rich phases in slags. The change in mass
content of the liquid phase in the analyzed temperature range was 96.76 wt.%, 80.15 wt.%,
and 65.94 wt.% for slags S1, S3, and S2, respectively. Thus, the most accelerated increase in
the share of the liquid phase was observed for slag S1, for which, at 1000 ◦C, the highest
mass content (about 70 wt.%) of microsilica-rich phases was calculated. On the other hand,
the smallest increase in the mass content of the liquid phase was calculated for S2 slag, for
which, at 1000 ◦C, the lowest mass content (about 20 wt.%) of the microsilica-rich phases
was observed.
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increasing temperature.

As shown in Figure 4, for the castable C with all the slags used in the experiment,
few changes in phase composition were identified. For castables A and B, the obtained
qualitative results exhibited similar trends in relation to the slag with the same C/S mass
ratio. However, significant qualitative and quantitative changes in the curve corresponding
to the phases, both solid and liquid, were established between the same castable under
the influence of three different slags (S1, S2, and S3). As a result of the thermodynamic
analysis of reactive mixtures composed of castable Cand slags S1, S2, and S3 (Figure 4a–c,
respectively) via FactSage software, within the temperature range between 1250 ◦C and
1650 ◦C, the spinel (MA), CM2A8, CA, CA2, gehlenite (C2AS), anorthite (CAS2), and liquid
phases were calculated.

From the data presented in Figures 4a and 5, two possible MgO-containing phases,
i.e., MA and CM2A8, in the reactive mixtures containing simple oxides with the chemical
composition derived from the mixture of 50 wt.% slag and 50 wt.% castables can coexist
in equilibrium in the samples A_S1, B_S1, C_S1, A_S2, and B_S2. Based on the data
presented in Table 1, an obvious relationship between the four variables, i.e., MgO/Al2O3,
CaO/Al2O3, CaO/SiO2, and CaO/MgO mass ratios, can be noticed. CM2A8 can exist
with the MA phase within the temperature range 1250–1550 ◦C when the M/A, C/A, C/S,
and C/M mass ratios are within the range of 0.15–0.19, 0.27–0.42, 1.08–3.21, and 1.67–2.76,
respectively, (Table 1) for castable compositions A_S1, B_S1, C_S1, A_S2, and B_S2 (Figure 5)
can be drawn. However, for the reactive mixtures A and B with slag S2, this dependency
exists in the temperature range 1250–1450 ◦C. Furthermore, as shown in Figure 5 and
Table 2, it can be observed that the possibility of the CM2A8 formation decreases with
increasing MgO content in the reactive mixtures. In addition, it has been recognized that
the formation of the CM2A8 phase is favored as the C/S mass ratio decreases in the reactive
mixtures. Such dependency was observed in A_S1 and A_S2.
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spinel refractory castable with 7 wt.% of MgO (castable C) and steel slags with the C/S mass ratio of
1.1 (a), 3.5 (b), 5.5 (c).

Table 2. Temperature of the onset of the appearance of the liquid phase.

Reactive Mixtures Temperature (◦C)

A_S1
1086B_S1

C_S1
A_S2 1221
B_S2 1226
C_S2 1203
A_S3 1230
B_S3

1231C_S3

Based on the results presented by Vazquez et al. [47,48], the CM2A8 phase can be
generated by the high temperature (1200 ◦C) reaction between MA and C2AS. The possible
mechanism involves the interaction between MA and C2AS-rich at ca. 1200 ◦C by the Mg2+

ions incorporation into the liquid phase. While analyzing Figures 4a and 5 simultaneously,
it can be noticed that the amount of CM2A8 phase for the C_S1 mixture increases to the
temperature of 1350 ◦C, with a decrease in C2AS and MA phases. Moreover, a similar
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situation should be expected for the reactive mixtures A_S1 and B_S1. For the C_S1 reactive
mixture, a violent decrease in CM2A8 content is observed from 1350 ◦C (Figure 5) because
of the total liquid phase formation (Figure 4a). Additionally, a decrease in the MA and
C2AS phases was also observed. A similar tendency should be accepted for the reactive
mixtures A_S1 and B_S1.
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The occurrence of the total liquid phase shown in Figure 4a–c is mainly associated
with calcium-aluminates and calcium-aluminate-silicates phases. As the temperature
rises from 1250 ◦C to 1650 ◦C, the initially formed calcium (i.e., at a temperature below
1250 ◦C) aluminates CA and CA2 in the reactive mixtures C_S2 and C_S3 (Figure 4b,c);
calcium aluminum silicate C2AS gehlenite in the reactive mixtures C_S1, C_S2, and C_S3
(Figure 4a–c); calcium aluminum silicate CAS2 anorthite in the reactive mixture C_S1
(Figure 4a) gradually decreased.

This violent increase in the content of the liquid phase vs. temperature is shown in
Figure 6. At 1250 ◦C, this increase is mainly due to the presence of C2AS and CAS2 in the
C_S1 sample (Figures 4a and 6a). For samples C_S2 and C_S3, a shift in the appearance
of the liquid phase towards higher temperatures was observed. Above the temperature
of 1450 ◦C in sample C_S2 (Figures 4b and 6b), this increase is mainly caused by CA2,
C2AS, and CA; in sample C_S3 (Figures 4c and 6c), it is mainly associated with the CA,
C2AS, and CA2 phases. It is also worth mentioning that the liquid phase content reached
43.71, 2.38, and 1.38 wt.% at 1350 ◦C and 64.24, 7.83, and 16.83 wt.% at 1450 ◦C in the
reactive mixtures C_S1, C_S2, and C_S3 (Figure 6), respectively. In the FactSage calculation
program, it was possible to distinguish the first appearance of a liquid phase at particular
temperatures. This summary is presented in Figure 6. To distinguish the onset temperature
for the formation of the liquid phase, the individual reactive mixtures in the temperature
range 1086–1230 ◦C are shown in Table 2.

We can therefore determine a relationship between the type of slag and the first
amounts of the liquid phase formed. As shown in Tables 1 and 2, the temperature at which
the appearance of the first amount of liquid phase is determined by the C/S mass ratio.
Specifically, it was observed that the onset temperature for the formation of the liquid
phase decreased with a decreasing C/S mass ratio in all investigated reactive mixtures. The
average temperature values reached ca. 1231 ◦C, ca. 1217 ◦C, and ca. 1086 ◦C for castables
A, B, and C with slags S3, S2, and S1, respectively (Table 2). This can be directly related
to the presence of the CAS2 in the C_S1 only, while in the reactive mixtures C_S2 and
C_S3, this phase was not calculated. Discussing the schematic diagram showing eutectic
temperature (Figure 7), it can be easily concluded that CAS2 causes the formation of a
liquid phase at 1400 ◦C in the presence of C2AS and 1425 ◦C in the presence of MA [38].
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The combination of these phases was calculated in the C_S1 mixture (Figure 4a). Therefore,
for the reactive C_S1 mixture, it was the reason for a clear shift in the formation of the
liquid phase towards lower temperatures, compared to the C_S2 and C_S3mixtures, where
the eutectic temperatures (Figure 7) between components CA, CA2, C2AS, MA were higher
and exceeded 1500 ◦C [38,46,47].

Based on the thermochemical calculation using FactSage software, the chemical compo-
sition of the total liquid phase, besides its content, vs. temperature, was also established and
presented in Figure 6. The changes in the oxide content of the total liquid phase in the indi-
vidual reactive mixtures were mainly related to C2AS and CAS2 in C_S1 (Figures 4a and 6a);
CA2, C2AS, CA in sample C_S2 (Figures 4b and 6b) and CA, C2AS, CA2 in sample C_S3
(Figures 4c and 6c).

For C_S1, C_S2, and C_S3 mixtures, the content of SiO2-containing phases C2AS
and CAS2 (Figure 4a–c) decreases when the C/S mass ratio is increased (Table 1). At a
temperature of 1450 ◦C, the highest content of SiO2 was found for sample C_S1 (above
19 wt.%), while for samples C_S2 and C_S3, the content of SiO2 was less than 1 wt.%
(Figure 6). Based on this data, it was found that increasing SiO2 content in the mixture
decreased the temperature at which the liquid phase commenced. It can be assumed that
MgO for sample C_S1 comes from both MA and CM2A8, while for samples C_S2 and C_S3,
it only comes from the MA phase. The lower the Al2O3 content in the mixtures (Table 1),
63.66, 60.83, 49.33 wt.% for the temperature of 1450 ◦C, the higher the observed content
of the liquid phase (Figure 6) 7.83, 16.83, 64.24 wt.% by weight in reactive mixtures, C_S2,
C_S3, C_S1, respectively.

The melting process of the reactive mixtures containing components of the spinel-
forming alumina castables and steel slag was evaluated by heating microscopy thermal
analysis (HMTA). From the micro-processed images, the relative height changes of the
samples (δh) versus temperature were presented in the form of shrinking curves, as shown
in Figure 8. This figure contains, as examples, the heating microscope images registered
at 1410 ◦C and 1420 ◦C. According to the data presented in the experimental section, the
characteristic transformation points of samples were determined at the HMTA curves and
summarized in Table 3.
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Table 3. Characteristic transformation points of reactive mixtures containing components of the
cement-free corundum-spinel refractory castables and steel slags.

Samples

A_S1 B_S1 C_S1 A,B,C_S2 and A,B,C_S3

Temperature of Characteristic Points [◦C]

Deformation point 1350 1320 1340

out of measuring range

Softening point 1365 1370 1365

Sphere point 1377 1392 1392

Half sphere point 1408 1420 1421

Total melting
point/Flow 1411 1431 1425

It can be seen that the values of the temperatures for the characteristic points of the
castables A, B, and C vary significantly when they are in the mixtures containing slags S1
or S2 and S3. A distinguishing property of the A_S1, B_S1, and C_S1 HMTA curves is the
possibility of the determination of characteristic transformation points of reactive mixtures.
Based on the comparative study of the 3,5 and 7 wt.% MgO-containing castablesbehavior
in contact with slag S1, it should be indicated that the thermal stability and corrosion
resistance at high temperatures of castables can be arranged in increasing order of the MgO
content up to ca. 1410 ◦C (Figure 8). As was evidenced by photographic images made
with a camera, compared to the respective initial height of each sample, there was a mean
shrinkage of ca. −64.87% (A_S1), ca. −27.2% (B_S1), and −19.1% (C_S1) at ca. 1410 ◦C,
which was promoted by the liquid phase formation during corrosion processes. While at
the temperature of around 1420 ◦C, a reversal of the tendency was observed and a smaller
shrinkage of the B_S1 sample (−31.2%) than the C_S1 sample (−57.95%). However, in the
case of reactive mixtures containing S2 and S3 slags, changes in the height of the sample
occurred at a temperature that exceeds 1425 ◦C.

According to the calculation of the liquid phase content (Figure 9b), referring to a
temperature of ca. 1390 ◦C, the highest total liquid phase content was observed for the
reactive mixture A_S1. Among the tested mixtures, in the temperature range from 1390 ◦C
to 1420 ◦C, the highest total content of the liquid phase was observed for the B_S1 reactive
mixture. Above the temperature of 1420 ◦C, a change was observed that showed that the
highest content of the total liquid phase was observed for sample C_S1, and the lowest
content of the total liquid phase was observed for sample A_S1.

Comparing the above-described changes in the HMTA analysis curves with the quan-
tification of the content of the total liquid phase (FactSage, Figure 9a,b), it was noticed that
the shrinkage value of the samples rises with the increase of the amount of the liquid phase.

As shown in Figure 8, at the temperature of 1410 ◦C, an accelerated shrinkage process
of the C_S1 sample begins, but in comparison to samples B_S1 and A_S1, the shrinkage is
still the smallest. However, at the temperature of 1420 ◦C, there is a change of tendency, and
sample C_S1 shrinks faster than sample B_S1; at this temperature, sample A_S1 was melted.

3.2. An Overview of Reaction Characteristics of Cement-Free Corundum-Spinel Castables

In this study, corrosion tests were carried out on cement-free alumina spinel castables
with a formed in situ spinel. The density in the tested castables was 3.12 g/cm3; 3.07 g/cm3,

and 3.05 g/cm3, while the open porosity was 13.72%, 15.34%, and 15.37% for castables A,
B, and C, respectively. XRD analysis of the tested castables allowed the determination of
the amount of spinel in individual castables, and it was found for castable A = 19.1 wt.%,
B = 25.2 wt.%, and C = 37.9 wt.%.
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Depending on the C/S mass ratio (from 1.1–5.5) in the slag, the division into reaction
zones was determined for the tested materials. In molten slags S2 and S3, there are reaction
zones in the material (the corroded area of castable below slag-refractory interface) and
a slag reaction zone (above the slag-refractory interface), the reaction zone on the slag-
refractory interface is the zone separating these two zones. In the case of molten S1, for
which the mass ratio of C/S is the smallest, there is a reaction zone only in the material
(the corroded area of castable below slag–refractory interface). The division of zones of the
tested materials is shown in Figure 10. It can be observed that, along with the decrease in
the mass ratio of C/S in the slag, the corroded area of castable below the slag-refractory
interface increases.
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3.3. X-Ray Investigations of High-Temperature Relations within the Mixtures Containing
Spinel-Forming Alumina Castables and Synthetic Slags

The course of the reactions was examined in 50 wt.% castables and 50 wt.% slag of
mixtures heat-treated at 1350 ◦C. Based on XRD and Rietveld’s analysis, an assessment was
made of what reactions could have occurred. Changes in the phase composition between
uncorroded castables and castables corroded by slags (S1, S2, and S3) were analyzed based
on Figure 11a–d. The results of the Rietveld analysis for all mixes are presented in Table 4.
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Figure 11. (a–d) X-ray diffraction of castable C (7 wt.% MgO) and mixtures (50 wt.% slag and 50 wt.%
castable) with castable C and slags: S1, S2, S3 after firing at the maximum temperature of 1350 ◦C for 2 h.

Both qualitative and quantitative (Rietveld) analyses were performed. Castable C was
selected for further tests due to the predicted highest corrosion resistance to slags S1, S2,
and S3 in the analyzed temperature range.

The X-ray diffraction (XRD) method was applied to analyze the non-corroded castable.
The analysis of the influence of slags with different mass ratios C/S on this castable was
also carried out.
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Table 4. Rietveld analysis of corroded mixtures 50 wt.% castable: 50 wt.% slag.

Sample
Phases

A MA C2AS CA CA2 CAS2

A 80.9 19.1 - - - -

B 74.8 25.2 - - - -

C 62.1 37.9 - - - -

A_S3 15.6 14.2 21.4 37.2 11.0 -

B_S3 11.6 18.0 21.5 40.2 7.9 -

C_S3 7.9 23.1 21.5 41.0 6.1 -

A_S2 16.6 33.2 19.0 11.2 20.1 -

B_S2 14.8 38.8 18.2 15.1 12.7 -

C_S2 11.9 43.5 18.5 14.1 12.1 -

A_S1 11.7 33.8 36.5 - - 18.0

B_S1 8.3 39.3 34.6 - - 17.8

C_S1 5.3 41.4 35.5 - - 17.8

The castable before corrosion, with an equilibrium composition, was characterized by
the coexistence of MA and A crystalline phases. The diffraction peaks after the reaction
with slag S1, S2, and S3 show a clear increase in diffraction peak width and a significant
decrease in the intensities of each diffraction peak due to the formation of phases with a
slight degree of crystallization.

High-temperature reactions made it possible to perform the reactive sintering of
mixtures of 50 wt.% castables and 50 wt.% slags and to obtain no-equilibrium phase
composition of mixtures. As a result, it was possible to determine changes in the phase
composition. No changes were observed in the qualitative analysis for the mixes of one
type of slag with different castables. Therefore, Figure 11 show one type of castable (C)
with different types of slag because changes in the qualitative composition are visible.

Spinel phase (MA—JCPDS Card No.96-900-3482) at 36.84◦ 2θ and A (JCPDS Card
No. 96-900-8082) at 35.14◦ 2θ were detected for the starting castable sample (C). In the
mixtures, 50 wt.% castables and 50 wt.%, slag, which included slags S2 and S3, the same
phase composition was observed, differing in the intensity of individual peaks.

For mixture C_S3 (Figure 11b), the most intense peaks were detected in phases CA
(JCPDS Card No. 96-430-8076) at 30.06◦ 2θ; A, MA, C2AS (JCPDS Card No. 96-100-0049)
for 31.42◦ 2θ; and CA2 (JCPDS Card No. 96-350-0015) for 25.34◦ 2θ. For the mixture C_S2,
peaks related to A, MA, CA, C2AS and CA2 were detected. For mixtures C_S1, the most
intense peak is observed for the C2AS phase for 31.42◦ 2θ. CAS2 phase was also observed
(JCPDS Card No. 96-100-0035) with the most intense peak for 28.03◦ 2θ. At 1350 ◦C, the
anorthite identified by XRD was calculated by FactSage in a lower temperature range
but was not detected at 1350 ◦C. It can be assumed that this difference results from the
slower reaction processes between castables and slag (as in XRD analysis) rather than
the reaction processes simulated on oxides participating in the reaction (as in FactSage
thermochemical analysis).

However, differences in the quantitative composition are visible. There is a noticeable
difference between Rietveld’s quantitative analysis and the simulation results from FactSage.
The results obtained in FactSage showed the presence of a CM2A8 phase for samples with
slag S1 and S2, and for samples with S3 slag, this phase did not occur. The differences
between the FactSage and XRD results are related to the use of castables and slags for XRD
analysis, while the quantitative chemical composition of the sum of castable oxides and
slag was introduced in the FactSage program.
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Based on the Rietveld analysis (Table 4), it is assumed that a secondary spinel is formed
in the mixture of C_S1 and C_S2 during corrosion reactions. This can be assumed because,
for these mixes, an increase in wt.% spinel content is visible compared to the wt.% spinel
content in the no-corroded castable (C). Observing the appearance of new diffraction lines
for the samples after corrosion in relation to the no-corroded castable, it was found that
new phases were formed. Moreover, it was observed that with the increase of the C/S mass
ratio in the mixtures of slags with castable C, the amorphous character of the analyzed
samples decreased.

3.4. Corrosion Index

The corrosion index was only tested for the reaction zone below the slag–refractory
material interface (Figure 2). The results of tests on the corrosion index of three types of
castables with three different types of slag are shown in Figure 12. Sample C with three slags
of different mass ratios C/S shows the highest corrosion resistance (IC = 1.58%). However,
the highest conversion rate was observed for sample A with slag S1 and amounted to
48.32%. The high corrosion resistance of sample C results from the highest content of spinel
(7 wt.% MgO) in its composition, while the low corrosion resistance of sample A is caused
by the low content of spinel (3 wt.% MgO) in its composition. The chart also shows that
the most aggressive slag is S1, whose ratio of C/S is the lowest, 1.1. However, the least
aggressive slag is S3 because the C/S ratio is the highest, amounting to 5.5.
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Figure 12. Diagram showing the corrosion index (IC) of individual castables samples in contact with
the slag.

3.5. SEM-EDS Studies of Corroded Castables

Microstructural tests were performed after the corrosion test (coating method) at
1450 ◦C for castable C (7 wt.% MgO) with slags with mass ratios of C/S: 1.1; 3.5 and 5.5,
for samples C_S1, C_S2, and C_S3, respectively. The characteristic SEM images, selected
EDS results, and the diagrams of the corrosive reaction zones formed on their basis are
shown in Figures A1–A3. Possible phases were predicted on the basis of theoretical
considerations regarding the reaction mechanism in the MgO-Al2O3-SiO2, CaO-Al2O3-
SiO2, and CaO-Al2O3-MgO systems [37,39,46] and by comparison of EDS of the results of
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the tested samples with the theoretical elemental composition of individual phases (wt.%).
Figures A1–A3 have been compiled on this basis. For samples of castable C with slags S1,
S2, and S3, a diagram is placed in the center of the picture, while in the corners, there are
selected representative SEM images from each zone.

Figure A1A–D show the SEM results for specific corrosion zones for sample C_S1 and
EDS spectra for the CA6 and CAS2 phases. For sample C_S2, Figure A2A–D show SEM
images for specific corrosion zones and EDS results for CA2, CA6, and C2AS phases, which
were identified by composition. Figure A3A–D shows the SEM results for specific corrosion
zones for the C_S3 sample as well as EDS spectra for the CA2 and C2AS phases.

As can be observed in Figures A1–A3 for the castable in contact with the slag S1
(Figure A1), the A–D reaction sub-zones were formed below the slag-refractory contact
line. For samples S2 (Figure A2) and S3 (Figure A3), the reaction sub-zones were observed
above the slag–refractory contact line, on the slag–refractory interface, and slightly below
the slag–refractory contact line. It can be concluded that the S1 slag has a greater tendency
to infiltrate deep into the material than the S2 and S3 slags.

In the case of the C_S1 sample, all slags infiltrated into the material. Therefore, it
was necessary to consider possible reactions between the mineral phases of the slags
estimated by FactSage (Figure 3a) and the mineral phases of the castable. In addition,
the obtained results were compared with the phases calculated by the FactSage method
as reaction products formed in 50% by weight mixtures slag and 50 wt.% of the casting
for sample C_S1 (Figure 4a). Based on the results of chemical analysis in the area of the
slag-refractory contact line (sub-zone A), mainly C2AS and CAS2 phases were observed,
but some amounts of spinel (MA) were present. According to Wang et al. [49], the C3MS2
and C2MS2 phases, which are components of the slag, form C2AS in contact with Al2O3,
which is a component of the castable or the liquid phase. Then, C2AS, by reacting with
SiO2 from the liquid phase and Al2O3 from the material or the liquid phase, forms CAS2,
according to Equation (3) [50,51]. The spinel detected in sub-zone A probably resulted from
the reaction of the CMS and Al2O3 phases [52], which in addition to spinel, may lead to
the formation of the CA6 phase, which was observed in sub-zone B. The MA and CA6
phase observed in the individual sub-zones could also arise from the melting of CM2A8 in
accordance with Equations (4) and (5) [48].

C2AS + 3S + A→ 2CAS2 (3)

CM2A8 →MA +C2M2A14 + liq (4)

C2M2A14 →MA + CA6 + liq (5)

During analysis of the deeper areas of the material, i.e., sub-zone C, significant amounts
of CA, CA2, and CA6 phases were observed. On the other hand, the CA6 phase was
also detected in sub-zone D, where some amounts of MA phase were also observed.
It should be noted that the CA6 phase could also arise according to Equation (6) [53],
and the CA2 and CA phases present in subzone C and D probably formed according to
Equations (7) and (8) [53,54], respectively. The corrosion progress of the castable in contact
with slag S1, compared to slags S2 and S3, was the greatest. This observation may be due to
the presence of CAS2 in sample C_S1 and the presence of the eutectic temperature between
C2AS and CAS2. CAS2 was not calculated for samples C_S2 and C_S3. According to many
authors, the temperature eutectic between the C2AS and CAS2 phases is formed around
1400 ◦C [38].

6A Ca2+
−−−→ CA6 (6)

CA6
2Ca2+
−−−→ 3CA2 (7)

CA2
Ca2+
−−−→ 2CA (8)
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As can be seen in Figure A2, for the castable in contact with the slag S2, the phases were
distributed within four sub-zones, i.e., A, B, C sub-zones were above the slag-refractory
contact line, while the D sub-zone was formed below the slag-refractory contact line. A
characteristic feature of sub-zones A–C is the occurrence of the continuous Ca, Al-rich
CMAS phase (the chemical composition was slightly different in the individual A–C sub-
zones), where specific phase distribution can be found. Thus, in sub-zone A, we observe
grains of MgO (M), spinel (MA), C2S, and CA, which are dispersed in the continuous Ca,
Al-rich CMAS phase. In sub-zone B, the MgO grains disappear completely, and more
secondary spinel is formed. It is predicted that all phases detected in sub-zones A and B
were formed as a result of the reaction of the oxide components of the liquid phase, which
were exclusively from the slag, according to Equations (9)–(11):

C(liquid) + A(liquid) → CA (9)

M(liquid) + A(liquid) → MA (10)

2C(liquid) + S(liquid) → C2S (11)

Comparing the EDS results and the theoretical composition, it was noticed that in the
C sub-zone, there are phases similar to CA6, CA2, C2AS, CA, and some secondary MAs
were still observed. In sub-zone C, smaller amounts of spinel and CA phase were observed.
On the other hand, at the slag–refractory interface (between the reaction subzone C and D),
the CA2 and CA6 phases were observed, which prevented further corrosion progressing
into the material, as a result of which, in sub-zone D located below the slag-refractory
interface, the material was only slightly corroded. Many authors have reported that at high
temperatures, Ca2+ ions can easily diffuse into materials containing Al2O3 and segregate
at the borders of corundum grains or at the surface [54,55]. According to Cinbulk, this
diffusion of Ca2+ into Al2O3 occurs before CA6 generation [50]. CA6 reacts with Ca2+ ions
to form CA2 followed by CA. Thus, the predicted mechanism of phase formation in the
C and D sub-zones follows Equations (6)–(8). It should also be noted that gehlenite is
probably formed from the CA2 or CA6 phase by reaction with SiO2, which was from the
liquid phase [49].

The significant amounts of CA2 and CA6 phase prevent the further diffusion of
Ca2+ ions towards the refractory material, which largely prevents further corrosion of the
material. As a result, in zone D, below the contact line of the refractory slag, no significant
defects in the refractory material were observed; only some amounts of CA6 phase were
observed. It can be assumed that the reaction components forming the phases above the
slag-refractory contact line come mainly from slag reagents, while on the contact line
and below the slag–refractory contact line, both slag and material reactants take part in
the reaction.

In Figure A3, for the castable in contact with the slag S3, the A–C reaction sub-zones
were formed above the slag–refractory contact line, while the D sub-zone, they were
formed below this line. A characteristic feature of sub-zones A–C is the occurrence of the
continuous Ca, Al-rich CMAS phase. Moreover, from microscopic observation, significant
amounts of CA phase were observed in sub-zone A, formed from oxides of the liquid
phase derived from the components of the slag (Equation (9)). The CA phase formed
probably reacts with ions Si2+ and Ca2+ of oxide from the liquid phase to form gehlenite,
according to Equation (12). Moving towards the slag–refractory contact line, some amounts
of MgO grains (sub-zone B) were observed. On this basis, it was found that the secondary
spinel was formed from MgO and Al2O3 oxides as in Equation (10). On the other hand,
significant amounts of CA2 phase were formed on the slag-refractory contact line, as
well as above this line. The CA6 phase adjusted to corundum grains prevented further
diffusion of Ca2+ ions into the refractory material, which stopped the corrosion processes
of castables. It was found that in phase D subzone CA6, CA2 and CA were formed in
accordance with Equations (6)–(8), respectively. In contrast, C2AS present in the D subzone



Appl. Sci. 2022, 12, 704 20 of 27

was probably formed by the reaction of CA2 or CA6 with SiO2 from the liquid phase of the
slag components.

CA Si4+ ,Ca2+
−−−−−→ C2AS (12)

Microstructure observations of the analyzed samples confirmed that the mass ratio
C/S affects the corrosion resistance of castables. As shown in Figure A1, for the C_S1
sample, the smallest mass ratio C/S in the slag caused the entire slag to infiltrate into the
material. This was due to the low eutectic temperature between C2AS and CAS2 (around
1400 ◦C). However, in the case of an increase in the mass ratio C/S, as shown in Figure A2
for sample C_S2 and Figure A3 for sample C_S3, the slag formed a reaction zone above
the slag–refractory contact line and below the slag–refractory contact line, which indicated
lower slag aggression.

Thus, the presence of SiO2 in the slag composition had a significant impact on the
corrosion processes of the tested castables, while the Ca2+ ions present in the slag diffused
deepest towards the material, as shown by the SEM images. It should also be observed that
Ca2+ ions in contact with Al2O3 coming from the material formed CA2 and CA6 phases,
which at some distance from the slag–refractory contact line formed a barrier for Ca2+ ions,
which prevented the corrosion processes from progressing. An important observation
was the emergence of secondary spinel, which differs in the shape of the grains from the
material-derivative spinel. This fact was confirmed in previous studies, both in the FactSage
analysis and in the XRD analysis.

4. Summary and Conclusions

Castables with MgO content of 3–7 wt.% were prepared using tabular alumina and
magnesia fume by casting, drying, and firing at elevated temperatures. In addition, three
slags were prepared via classical ceramic route and calculated by FactSage to determine
probable phase vs. temperature.

Based on the analysis of the results, the thermodynamic changes in the solid and liquid
phases of steel slags with a mass ratio of CaO/SiO2 (C/S) 1.1 (S1), 3.5 (S2), and 5.5 (S3) were
predicted, and an oxidizing atmosphere was formed as a result of the temperature increase.
The presence of SiO2-rich phases, including C3MS2, in the S1 sample in the analyzed
temperature range from 1300–1500 ◦C can be associated with a significant increase in the
liquid phase content for this sample, as much as 96.76 wt.%. Sample S3 and sample S2,
for which the content of SiO2-rich phases was lower, showed in the analyzed temperature
range 80.15 wt.% and 65.94 wt.%, respectively.

Equiweight mixtures of slags and castables (50 wt% slag and 50 wt.% castable) were
calculated by FactSage, observed by heating microscopy thermal analysis (HMTA), fired at
1350 ◦C, and investigated by X-ray diffraction (XRD).

Thermochemical simulations were performed using FactSage software, and on this
basis, the graphs were created; thermodynamic predictions of the solid phases and liquid
phase of the reactive mixtures containing components of the cement-free corundum-spinel
refractory castable with 7 wt.% of MgO and steel slags with the C/S mass ratio of 1.1_S1,
3.5_S2, and 5.5_S3, as well as thermodynamic predictions of the CM2A8 solid phase of the
reactive mixtures A_S1, B_S1, C_S1, A_S2, and B_S2 versus increasing temperature. In
addition, the chemical composition of the liquid phase of the reactive mixtures containing
components of the cement-free corundum-spinel refractory castable with 7 wt.% of MgO
and steel slags with the C/S mass ratio of 1.1, 3.5, and 5.5 was determined. There were
qualitative and quantitative differences between the samples, depending on the analyzed
type of slag. An important observation was that more SiO2-rich phases were detected in
the S1 slag compared to the S2 and S3 slags, as well as information that with increasing
MgO content in the overall composition, the CM2A8 content in the samples decreases. On
the other hand, it was observed that with an increase in the SiO2 content in the overall
composition, the CM2A8 content in the samples increased. Moreover, comparing the
phase composition of the C_S1, C_S2, and C_S3 equiweight mixtures with the phase
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composition of the slags S1, S2, and S3, respectively, for a specific temperature of 1350 ◦C
(the temperature at which the sintering processes took place, and the content of the liquid
phase is so low that the analysis of the results could be reliably carried out), showed that the
content of silica-rich phases is much lower for the equiweight mixtures than for the slags
themselves. This is related to the widening of the temperature range in which the liquid
phase forms. In sample C_S1, where the proportion of the SiO2-containing phase was the
highest, the first amounts of the liquid phase were formed at the lowest temperature.

In order to perform the HMTA, cubic samples were prepared from the mixtures of
50 wt% slag and 50 wt.% castable.

Based on the thermal analysis of heating microscopy in the measuring range, it was
found that the concretes showed shrinkage only in contact with the slag with the lowest
C/S mass ratio, and it was observed that the higher the MgO mass content in the analyzed
sample, the lower its shrinkage. Characteristic points of transformation of reactive mixtures
were also determined. For castables with the highest mass content of MgO (7 wt.%),
significant shrinkage occurred at higher temperatures than for other castables.

Based on the results from FactSage of equiweight mixes castable with slag, the samples
of 50 wt.% castable and 50 wt.% slag firing temperature of 1350 ◦C were selected for the
X-ray diffraction (XRD) analysis. This allowed for a phase analysis because the synthesis
processes took place, and the liquid phase content was so small that it did not affect the test
results.XRD analysis allowed us to observe significant qualitative differences between the
sample with a lower C/S mass ratio and the remaining samples. A graph was compiled
with no-corroded castable C (7 wt.% Of MgO) with an equilibrium phase composition and
three mixtures C_S1, C_S2, and C_S3. Note that only for sample C_S1, CAS2 was found
during the analysis, which, together with gehlenite, reduces the melting point, and thus,
causes the appearance of the liquid phase at lower temperatures.

X-ray results carried out on the equiweight castable and slag mixes confirm the thermal
analysis and the presence of the phases calculated by FactSage. HMTA showed that the
CAS2 phase detected in the XRD analysis, observed only for the castable sample with the
slag S1 (lowest C/S mass ratio), has a significant impact on the castable shrinkage caused
by the formation of the liquid phase.

The static corrosion test was conducted by means of the coating method on rectangular
castable samples in contact with slag sat 1450 ◦C. The samples were tested in a perpen-
dicular direction to the slag–refractory interface. The corrosion index IC in the regions of
castables affected by slags was calculated in the MATLAB program. Phases and phase
distributions were evaluated by SEM-EDS on polished samples of castables (7 wt.% MgO)
with slags S1, S2, and S3.

On the basis of the analysis, SEM images were obtained, allowing for the determination
of the distribution of individual phases in the sample, as well as for the determination of
zones and subzones formed as a result of corrosion. A relationship was observed between
the mass ratio of C/S in the slag and the tendency to form reaction zones. For the slag S1
with the lowest mass ratio C/S, only the slag zones below the slag–refractory interference
contact line were observed, while for slags S2 and S3 with a higher mass ratio C/S, there are
zones both above the slag-refractory interference and below the slag–refractory interference
contact line. Based on the SEM-EDS analysis, it was found that the CA2 and CA6 phases
form the deepest in the material. Some amounts of free oxides (MgO) could be observed for
samples C_S2 and C_S3 above the contact line slag-refractory material. Moreover, the zone
below the contact line slag-refractory material was slightly degraded. Thus, the reactions
mainly ran between the slag components upstream of this line, and the CA2 phases of CA6
prevented further material degradation.

The highest corrosion tendency, determined on the basis of IC, concerns the concretes
with the lowest C/S ratio, which is confirmed in the HRTM analysis (sample with the
highest shrinkage) and also in the SEM images, where the reaction zone was only below
the slag-refractory material contact line.

The most important conclusions from this work are included in several points:
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- As the content of SiO2-rich phases in the slag increases, the tendency for accelerated
liquid phase formation in a narrow temperature range also increases.

- The macroscopic image is influenced by the composition and quantity of the liquid phase.
- CAS2, formed as a result of corrosion of the slag with a lower C/S content, reduces

the temperature of the liquid phase formation and increases the degradation of
the material

- The lower the C/S mass ratio in the slag, the greater the area of castable that will
be degraded.

- It was found that with an increase in the MgO content in the material, the IC decreases
(with increasing MgO content in castable, the castable’s resistance to slag increases),
while with the decrease in the mass ratio C/S in the slag, the IC increases, i.e., the
aggressive character of the slag increases.

- Insights on in situ secondary MgAl2O4 formation mechanism and its correlation with
the corrosion resistance study were conducted of spinel-containing refractory castables.

- The Ca2+ ions that most deeply diffuse into the material form a continuous zone of
CA2 and CA6, which prevents further degradation of the material. As the C/S ratio
decreases, this zone is deeper in the material.
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Figure A1. (A–D) In the center is a schematic diagram of the phases present in the castables-slag 

S1 sample after corrosion. In the corners, there are photos of SEM micro-areas, as well as selected 

EDS. 

Figure A1. (A–D) In the center is a schematic diagram of the phases present in the castables-slag S1
sample after corrosion. In the corners, there are photos of SEM micro-areas, as well as selected EDS.
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Figure A2. (A–D) In the center is a schematic diagram of the phases present in the castables-slag 

S2 sample after corrosion. In the corners, there are photos of SEM micro-areas, as well as selected 

EDS. 

Figure A2. (A–D) In the center is a schematic diagram of the phases present in the castables-slag S2
sample after corrosion. In the corners, there are photos of SEM micro-areas, as well as selected EDS.
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Figure A3. (A–D) In the center is a schematic diagram of the phases present in the castables-slag 

S3 sample after corrosion. In the corners, there are photos of SEM micro-areas, as well as selected 

EDS. 

  

Figure A3. (A–D) In the center is a schematic diagram of the phases present in the castables-slag S3
sample after corrosion. In the corners, there are photos of SEM micro-areas, as well as selected EDS.
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2. Nieformowanewyrobyogniotrwałe—Część 1: Wprowadzenieiklasyfikacja, PN-EN 1402-1:2005. Available online: https://sklep.
pkn.pl/pn-en-1402-1-2005p.html (accessed on 2 September 2021).

3. Warmuz, K.; Madej, D. Effect of the particle size on the reactivity of MgO-Al2O3hydratingmixtures: A long-term kinetic
investigation of hydrotalcite synthesis. Appl. Clay Sci. 2021, 211, 106196. [CrossRef]

4. Lee, W.E.; Vieira, W.; Zhang, S.; Ahari, K.G.; Sarpoolaky, H.; Parr, C. Castable refractory concretes. Int. Mater. Rev. 2001, 46,
145–167. [CrossRef]

5. Zawrah, M.F.M.; Khalil, N.M. Effect of mullite formation on properties of refractory castables. Ceram. Int. 2001, 27, 689–694.
[CrossRef]

6. Myhre, B. Strength development of bauxite-based ultralow-cement castables. Am. Ceram. Soc. Bull. 1994, 73, 68–73.

https://sklep.pkn.pl/pn-en-1402-1-2005p.html
https://sklep.pkn.pl/pn-en-1402-1-2005p.html
http://doi.org/10.1016/j.clay.2021.106196
http://doi.org/10.1179/095066001101528439
http://doi.org/10.1016/S0272-8842(01)00021-9


Appl. Sci. 2022, 12, 704 26 of 27

7. Aïtcin, P.C. Supplementary cementitious materials and blended cements. In Science and Technology of Concrete Admixtures;
Woodhead Publishing: Cambridge, UK, 2016; pp. 53–73. [CrossRef]

8. Firoozjaei, E.A.; Saidi, A.; Monshi, A.; Koshy, P. The Effect of Microsilica and Refractory Cement Content on the Properties of
Andalusite Based Low Cement Castables Used in Aluminum Casthouse. Cerâmica 2010, 56, 411–421. [CrossRef]
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