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1 Introduction 
As an output of WP2 dedicated to ñAdvanced characterization of raw materials, refractories and jointsò, this report will review the 
results of task 2.1 focused on microstructure investigations (by XRD, HT-XRD, SEM, EDS, EBSD) of the studied materials, in 
their different states (including corrosion). The aim here was to build a better understanding of the relationships existing between 
microstructure (and its evolution) and thermomechanical properties (described later within other Deliverables). 

2 Fired Alumina-Spinel bricks 

2.1 Technical information about the product 

Alumina-Spinel bricks are mainly used in the steel ladle lining (outside of the slag line). Alumina is used due to its high melting 
point and the addition of spinel (with a slightly higher melting point) within the matrix is known to improve resistance to corrosion 
and reduce the penetration of basic slag. Alumina spinel refractories are carbon-free, thus they do not contribute to carbon pick-
up by liquid steel during handling. Hence, this material can be used for steel grades with a highly restricted quantity of carbon. 

https://www.youtube.com/watch?v=CimJI88c4fE
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Alumina spinel bricks investigated in this report, have previously been prefired at temperatures exceeding the application 
temperature. Therefore, no significant microstructural evolutions are expected. 

2.2 Initial characterisation of the product 

The microstructure of alumina spinel brick, has been described in detail [1], the details of which can be found in the following sub-
sections. 

2.2.1 Density-porosity 

Alumina spinel brick has an open porosity of 19.7 % and an apparent density of 3.01 g/cm3. Both values have been measured 
using Archimedes principle. 

2.2.2 Mineral phases 

The alumina spinel brick consists of a fine matrix (grain size in the scale of tens of microns) and large inclusions (grain size up 
to 3 mm). The materialôs matrix consists of two mineral phases; alumina and magnesium aluminate spinel. Taking in to account 
the excess of alumina and the extension of spinel solid solution at high temperature, the firing stage leads to an alumina rich 
spinel. Large inclusions of white fused alumina are also present. Analysis of the material by X-ray diffraction (XRD), see Figure 
1, revealed the presence of diaoyudaoite (NaAl11O17), also known as beta alumina. This sodium content originates from the Bayer 
process (involving bauxite attack by caustic soda). 

 
Figure 1: XRD pattern of fired alumina spinel brick before and after thermal treatment at 1500 °C  

with 1h dwell and 5 °C of heating/cooling rate. [1] 

https://www.youtube.com/watch?v=CimJI88c4fE
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2.2.3 Microstructure 

The microstructure of this material can be described as large porous alumina inclusions bonded by a porous alumina spinel matrix 
as presented in Figure 2. 

 
Figure 2: SEM micrograph of fired alumina spinel brick. [1] 

2.3 Characterization after heat treatment 

Characterisation of the brick was carried out after thermal treatment (1500 °C, 1h dwell and 5 °C/min heating/cooling). 

2.3.1 Mineral phases 

After thermal treatment, the types of detected mineral phases remained the same but the respective content varies slightly and a 
significant change in spinel stoichiometry was observed. This will be described in the following section. 

2.3.2 Microstructure 

The quantitative results derived from the XRD analysis, before and after thermal treatment, are shown in Table 1. A significant 
increase in spinel is observed while the alumina content decreases. 

Table 1: Quantitative results before and after thermal treatment. [1] 

Crystalline phase 
Before thermal 

treatment 
After thermal 

treatment 
Difference 

 [Weight %] 

Corundum (Al2O3) 77.4 72.3 -5.1 
Spinel (MgAl2O4) 22.0 27.3 +5.3 

Diaoyudaoite (NaAl11O17) 0.4 0.4 0.0 

Tungsten carbide (WC) 0.3 0.1 -0.2 

The spinel content increased by approximately 5 %, while the alumina content decreased by approximately 5 %. One possible 
explanation of this change could be a counter diffusion of Al3+ and Mg2+ cations, which seek to reach an equilibrium, as suggested 
in Wagnerôs mechanism [2]. This diffusion could explain the observed increase of spinel content, which would, most probably, 
lead to a change in stoichiometry. As a consequence, the spinel becomes richer in alumina during thermal treatment. 

2.4 Characterization after corrosion 

2.4.1 Slag compositions considered in this work 

After consultation with Tata-Steel, the following model slag compositions (Table 2) were considered for corrosion testing. 

  

https://www.youtube.com/watch?v=CimJI88c4fE
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Table 2: Composition of the different types of slag used for corrosion tests. 

wt. % Standard 10SiO2 10MnO 

Al2O3 41.4 38.9 37.3 

CaO 51.8 48.6 46.6 

SiO2 4.1 10.0 3.7 

MgO 0.6 0.6 0.6 

Fe2O3 2.1 1.9 1.9 

MnO 0.0 0.0 10.0 

Basicity (C/S) 12.6 4.9 12.6 
 

2.4.2 Description of experimental protocol 

The test performed for the corrosion of alumina-spinel brick is a contact test. For this contact test, pellets of slag (several grams) 
were prepared with a press, the pellets were then put-on top of small pieces of brick. The ensemble was then fired at different 
temperatures with different dwell times. 

2.4.3 Mineral phases 

Figure 3a shows the XRD pattern of alumina-spinel before corrosion. Alumina (Al2O3) and alumina-rich spinel (Mg7.5Al2O4) are 
the major phases present in the un-corroded alumina-spinel brick. Sodium aluminate (Na2Al22O34) and silica (SiO2) can be seen 
as minor components in the pattern. 

Figure 3b illustrates the XRD pattern of alumina -spinel sample after the corrosion test with standard slag at 1350 °C after 10 and 

30 hours. Corundum and spinel are still present in the pattern which are the constitutive compounds of the sample. Moreover, 
several new phases (calcium mono-aluminate (CA (CaAl2O4)), calcium di-aluminate (CA2 (CaAl4O7)), and calcium hexa-aluminate 
(CA6 (CaAl12O19))) have been formed. The formation of these phase can be attributed to the general corrosion mechanism of 
alumina-spinel in contact with an alumina rich slag containing CaO and SiO2. According to the literature [3], the corrosion process 
begins with the infiltration of CaO and subsequent reactions with Al2O3 which leads to: 

CaO + Al2O3Ą CaO.Al2O3 ( + Al2O3) ĄCaO.2Al2O3 ( + 4Al2O3) Ą CaO.6Al2O3 

Furthermore, SiO2 can react with CA6 following the reaction below. 

SiO2 + CaO.6Al2O3Ą 2CaO.Al2O3.SiO2 or CaO.Al2O3.SiO2 

The slag composition contains Fe2+ and Mn2+, which the spinel in the refractory can trap, in cation vacancies within the lattice 
structure which leads to deformation. CaO and SiO2 components in the slag accelerate this reaction. The CA6 phase is the stable 
phase of reacted CA and CA2 with Al2O3, which may form in-situ. CA6 formation is associated to a volumetric expansion at the 
surface of alumina grains and these additional calcium aluminate layers can reduce some local porosity. Thanks to these two 
aspects, alumina grains are, in some way, protected from further infiltration by slag. 

https://www.youtube.com/watch?v=CimJI88c4fE
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Figure 3: XRD pattern of an Al-MA brick (a) un-corroded sample (b) corroded with standard slag. 

2.4.4 Microstructure 

In order to examine the depth of infiltration after corrosion, Figure 4 shows clearly, at a macroscopic level, the interface between 
the initial state of the material and the area which has been infiltrated by the slag. The depth of infiltration depends on the slag 
used. The sample corroded by the standard slag (Figure 4a), has been infiltrated three times more than the sample corroded by 
the 10SiO2 slag (Figure 4b). However, it was not possible to determinate the infiltration in the sample corroded by the 10MnO 
slag as the slag flowed out of the sample. 

 

https://www.youtube.com/watch?v=CimJI88c4fE
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a) b) 

Figure 4: SEM micrographs of the interface of the contact test samples corroded at 1450 oC for 1h using 
a) the standard slag and b) the 10SiO2 slag. 

In order to examine the local microstructure evolution after corrosion, other observations have been carried out at larger 
magnification (Figure 5). For all the samples obtained, the observed microstructures were similar. As an example, with the slag 
10 MnO, CA crystals can be observed surrounded by a calcium aluminate (silicate) magnesium mixture. 

  

нΣр ƳƳ 

Standard: 1450°C for 1h 

лΣур ƳƳ 

10SiO2: 1450°C for 1h 

https://www.youtube.com/watch?v=CimJI88c4fE
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a) b) 

Figure 5: a) formation of CA6 and CA2 due to the corrosion of alumina-spinel brick by 10 MnO slag, 
b) general schema of the reaction between Al2O3 and slags rich in CaO. 

In the reaction zone, the small alumina grains have reacted with the slag to formed CA2. Around the big alumina aggregates, a 
layer of CA6 has formed surrounded by a layer of CA2. This phenomenon is due to the diffusion of Ca2+ ions from the slag to the 
alumina aggregates as shown in Figure 5b. It can be notice that the formed CA6 layer is not homogeneous around the alumina 
grains. It seems that the amount of CA6 formed in the 3 samples is different. The amount of formed CA6 appears to be highest in 
the sample corroded using the 10MnO slag and the lowest in the sample corroded using the standard slag. The amount formed 
in the samples corroded using the 10SiO2 slag is intermediate. 

Behind the area in direct contact with slag, the microstructure of the brick is similar to that of bricks heat treated at the same 
temperature. The new formed phases (CA2 and CA6) act as a protective layer and prevent the dissolution of coarse alumina 
grains. The critical point is that, when the slag infiltrates inside the sample, not only do chemical reactions proceed, but, as a 
result of density differences, so does volume expansion. These density variations depend on different crystallographic structures, 
with different lattice parameters. Thus, it is essential to have an optimum volume expansion during corrosion in order to avoid any 
thermomechanical problems during application at high temperature (to be confirmed later by thermomechanical tests). 

3 Resin bonded Alumina-Carbon bricks 

3.1 Technical information about the product 

Magnesia-carbon bricks are mainly used in the slag line of steel-making equipment. Magnesia is used in the brick due to its high 
melting point and its good corrosion resistance against basic slag, which is used in steel making. The carbon matrix, due to its 
anti-wetting properties, slows down the corrosion of the bricks by preventing the wetting of the brick by slag. However, the matrix 
makes the brick sensitive to oxidation. Magnesia-carbon bricks investigated in this report, have previously been prefired at rather 
low temperatures (usually below 1000 oC just to obtain pyrolytic carbon matrix from resin added during processing). Therefore, 
the application temperature in steel making can induce significant microstructural evolutions. It should be noted that the 
investigated bricks contain no antioxidants. 

3.2 Characterization in the initial state 

3.2.1 Density-porosity 

The density and porosity of the bricks obtained using Archimedesô method are respectively: 3.06 g/cm3 and 3 %. The porosity 
distribution obtained by mercury porosimetry, as presented in Figure 6, shows that the pore distribution is multimodal with the 
majority of the pores being small (between 0.5 and 7 µm). 

https://www.youtube.com/watch?v=CimJI88c4fE
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Figure 6: Distribution of the porosity within the MgO-C brick (obtained by Hg-porosimetry). 

3.2.2 Mineral phases 

The composition of the brick is predominantly magnesia and C, mainly in the graphite form, and some calcium silicate impurities, 
see Table 3. 

Table 3: Composition of MgO-C brick. 

  wt. % 

Mineral part  

90 % 

MgO 96.9 

Al2O3 0.2 

SiO2 0.5 

CaO 1.9 

Fe2O3 0.3 

Carbon matrix part  

10 % 
C 100 

 

The diffractogram of as-received MgO-C bricks, presented in Figure 7, show the main crystalline phases present are Periclase 
and Graphite. Other forms of carbon can be present in the sample, but they could not be identified by XRD. 

https://www.youtube.com/watch?v=CimJI88c4fE
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Figure 7: XRD pattern of as-received MgO-C bricks. 

3.2.3 Microstructure 

SEM observations of a MgO-C brick are presented in Figure 8. The magnesia carbon bricks are mainly composed of big and fine 
fused (big monocrystalline grain) or sintered (big polycrystalline grain) magnesia grains. The matrix is composed of two types of 
carbon: graphite and pyrolytic carbon originating from the resin. Some calcium magnesium silicate impurities, common in the raw 
materials of magnesia, are also present. 

  

a) b) 

Figure 8: SEM observations of as-received MgO-C bricks. a) overview of the sample, b) carbon in the matrix 

3.3 Characterization after corrosion 

3.3.1 Description of experimental protocol 

For the corrosion test of MgO-C bricks, two kinds of test were performed. The contact test, for which the amount of slag is low 
compared to the amount of brick and the dipping test, for which the amount of slag is large compared to the amount of brick. 

3.3.1.1 Contact test 

The experimental protocol for the contact test is identical to that described in Section 2.4.2. However, for the corrosion of MgO-
C, the samples were put in a closed carbon crucible to generate a reducing atmosphere during the firing. 

https://www.youtube.com/watch?v=CimJI88c4fE
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3.3.1.2 Dipping test 

For the dipping test, prismatic samples with the dimensions 25 x 25 x 125 mm were prepared from the bricks. Powdered slag 
(2kg) was introduced in a carbon crucible which was placed in an induction furnace within a closed chamber, see Figure 9. 

 
Figure 9: Schema of the induction furnace used for the dipping test. 

First the slag (see compositions Table 2) was melted with the furnaceôs chamber open then, once the slag was melted, the 
chamber was closed, evacuated and filled with argon. Then, to avoid thermal shock when dipping them into the slag, the pieces 
of bricks were lowered just above the slag for 10 minutes. After 10 minutes, the prismatic samples were dipped in the slag for 1h. 
When removed from the slag, the samples were left to cool down naturally. After cooling, cross sections were prepared for SEM-
EDS observation. 

3.3.2 Mineral phases 

After corrosion, the mineral phases present in the bricks are; MgO, graphite and metallic particles composed mainly of Fe or  
Fe-Mn. 

3.3.3 Microstructure 

3.3.3.1 Contact test 

The SEM micrographs, of the MgO-C samples, showing infiltration of different types of slag after the contact test are shown in 
Figure 10. 

a) 

 

b) 

 

c) 

 

Figure 10: Micrographs of MgO-C samples from the contact test corroded at 1450 °C by the different slags in oxidizing atmosphere 
respectively using a) standard slag; b) 10SiO2 slag; c) 10MnO slag. 

For all samples, almost no carbon was oxidized. The irregular surface and rounding of the aggregates, in all the samples (Figure 
10), indicates the MgO aggregates were dissolved in the slag. Additionally, on the surface of the bricks corroded by the standard 
slag and the 10SiO2 slag, metallic particles are observed comprising of Fe. For the samples corroded using the 10MnO slag, the 

https://www.youtube.com/watch?v=CimJI88c4fE
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observed metallic particles comprise of Fe and Mn. These particles result from the carbothermal reduction of C with MgO followed 
by the re-oxidation of the Mg gas formed during the former reaction. More details of this process are given in the deliverable D2.2.  

Some slag infiltration can be observed at the boundary of the MgO grain. Furthermore, the formation of an MgO layer was 
observed at the surface of the sample corroded using the 10MnO slag at 1450 °C and 1550 °C. No significant differences were 
observed between the sample corroded at 1450 °C and 1550 °C. 

3.3.3.2 Dipping test 

The samples obtained using the dipping test are presented in the Figure 11. 

Figure 11: Samples resulting from the dipping test at two different temperatures (1550 °C and 1600 °C)  
for the three considered types of slag (standard, 10SiO2 and 10MnO) 

The effect of corrosion on the samples treated with standard slag and 10MnO slag is negligible at both temperatures, no difference 
in the length or width was observed. The sample corroded using the 10SiO2 slag at 1550 °C also showed no difference in edge 
length, however, at 1600 °C, the sample lost about a third of its width. 

SEM micrographs recorded, from a central section of the immerged part of the sample, from the surface of the corroded samples 
are shown in Figure 12. Similarly, to the previous test, MgO was partially dissolved into the slag. Metallic particles of Fe, for the 
sample corroded using the standard and 10SiO2 slags, and Fe and Mn, for the samples corroded by the 10MnO slag, could be 
observed at the surface of the bricks. However, an MgO layer was not observed at the interface of any of the samples at any 
temperature. In addition, some carbon was removed from the bricks either by being torn off by the slag, as shown in Figure 12b, 
or by being oxidized; this enabled the infiltration of the slags into the samples as shown in Figure 12a and Figure 12b. 

a) 

 

b) 

 

c) 

 

Figure 12: Micrographs of MgO-C samples obtained with the dipping test  
under an argon atmosphere, at 1600°C, for 1h using a) standard slag; b) 10SiO2 slag; c) 10MnO slag. 

Standard 10SiO2 10MnO 

1550 °C 1600 °C 1550 °C 1600 °C 1550 °C 1600 °C 

   
 

  

https://www.youtube.com/watch?v=CimJI88c4fE













































