Deliverable D 2.2
Report about fundamental corrosion mechanisms and influencing factors
Document type Deliverable D 2.2
Document Version / Status 2.2
Jacek Szczerba, jszczerb@agh.edu.pl, AGH, Ryszard Prorok rprorok@agh.edu.pl ,
Primary Authors
AGH
Distribution Level PU (Public)
Project Acronym ATHOR
Project Title Advanced THermomechanical multiscale mOdelling of Refractory linings
Grant Agreement Number 764987
Project Website www.etn-athor.eu
Project Coordinator Marc Huger, marc.huger@unilim.fr, UNILIM
Jacek Szczerba, jszczerb@agh.edu.pl, AGH

Ryszard Prorok rprorok@agh.edu.pl , AGH
Document Contributors Camille Reynaert, reynaert@agh.edu.pl, AGH
Sina Darban, darban@agh.edu.pl, AGH
Glyn Derrick, glyn.derrick@unilim.fr, UNILIM

History of Changes
Version

Date

1.0

03/12/2020

1.1
1.2
1.3

06/04/2021

1.4
1.5

05/05/2021
06/05/2021

2.0

09/05/2021

2.1

10/05/2021

2.2

12/05/2021

Author (Organization)
Change
Page
Camille Reynaert(AGH), Sina Darban(AGH)
Sections of text added, general formatting All
and Glyn Derrick(UNILIM)
Camille Reynaert(AGH),
Corrections
Sina Darban(AGH)
Corrections
Camille
Reynaert(AGH),
Sina
Corrections combined, further check
All
Darban(AGH), Glyn Derrick (UNILIM)
Sina Darban(AGH), Glyn Derrick (UNILIM) Corrections, further check
2-12
Camille Reynaert(AGH)
Minor corrections
22
Camille Reynaert(AGH), Sina Darban(AGH) Reorganization and modification of the
All
content
Camille Reynaert(AGH), Sina Darban(AGH) Reorganization and modification of the
All
content
Marc Huger (UNILIM)
Final corrections
All
and Glyn Derrick(UNILIM)

1 / 18

D 2.2 / v 2.2 / First issue / PU (Public)

1 INTRODUCTION ........................................................................................................................................................................ 2
2 TYPES OF SLAGS EMPLOYED ............................................................................................................................................... 3
3 CORROSION OF ALUMINA-SPINEL BRICK ........................................................................................................................... 3
3.1 Alumina Spinel brick ......................................................................................................................................................... 3
3.2 Experimental procedures .................................................................................................................................................. 3
3.3 Results ................................................................................................................................................................................ 4
3.3.1 Corrosion using the standard slag .................................................................................................................................................. 4
3.3.2 Corrosion using 10SiO2 addition slag ............................................................................................................................................. 6

3.4 Discussion .......................................................................................................................................................................... 8
3.5 Alumina-spinel brick conclusion ...................................................................................................................................... 9
4 CORROSION OF MGO-C .......................................................................................................................................................... 9
4.1 Magnesia-carbon brick .................................................................................................................................................... 10
4.2 Experimental procedures ................................................................................................................................................ 10
4.2.1 Contact test ...................................................................................................................................................................................... 10
4.2.2 Dipping test ...................................................................................................................................................................................... 10
4.2.3 Factsage ........................................................................................................................................................................................... 10

4.3 Results .............................................................................................................................................................................. 10
4.3.1 Sample corroded using the contact test ....................................................................................................................................... 10
4.3.2 Sample from the dipping test ......................................................................................................................................................... 13

4.4 Discussion ........................................................................................................................................................................ 14
4.4.1 Oxidation of carbon and formation of a MgO layer in the sample .............................................................................................. 14
4.4.2 Dissolution of MgO. ......................................................................................................................................................................... 15

4.5 MgO-C brick conclusion .................................................................................................................................................. 17
5 CONCLUSIONS ....................................................................................................................................................................... 17
6 REFERENCES ......................................................................................................................................................................... 18

1 Introduction
Refractory materials are used in high-temperature applications such as the production of steel, glass, and cement. Today, the
challenge is to optimize the economic and environmental aspects of refractory materials [1,2]. The degradation process of
refractory materials, and the related parameters, play an important role. The chemical and mechanical wear consist of complex
reactions and processes called "corrosion". The corrosive mediums, gas, molten metals, molten glasses, or molten salts (slag)
result in the loss of thickness and mass; therefore, refractory materials are replaced repeatedly [3]. The objective of this deliverable
is to identify fundamental corrosion mechanisms of refractory linings used in the steel ladle. Therefore, selected refractories
(Al2O3-Sp and MgO-C) will be corroded by specified slags. The samples will be investigated by (a) chemical analysis (XRF)
(b) phase composition (XRD) and (c) SEM/EDS for chemical analysis in micro areas. The basic corrosion mechanisms of the two
refractory materials, alumina-spinel (Al2O3-Sp) and magnesia-carbon (MgO-C), will be detailed. These materials have been
selected due to their use in the steel ladle: the alumina spinel bricks are used for the side wall and the MgO-C are used for the
slag line.
This deliverable will discuss the corrosion of alumina-spinel and magnesia-carbon bricks. The composition of the slags employed
will be given in the first section. This will be followed by sections dedicated to the corrosion of alumina-spinel and magnesia
carbon bricks. These two sections will be divided in several subsections: the material employed, the experiments performed, the
results, their analysis and a conclusion.

2 / 18

D 2.2 / v 2.2 / First issue / PU (Public)

2 Types of slags employed
Experiments performed in this work used three different types of slag. The first one is a synthetic slag, used without modification,
which served as a reference and is called standard slag. The second on is based on the previous one with the addition of SiO2 to
increase the SiO2 to 10 wt.% in the slag and is called 10SiO2. The third one is also based on the standard slag with the addition
of MnO to reach 10 wt.% of MnO and is called 10MnO slag.
The composition of the synthetic slag was modified for two main reasons. Firstly, future steel grade slag will potentially evolve in
these directions, in particular for the addition of MnO. The second reason is the lack of literature on the impact on the addition of
MnO in calcium aluminate slag on the corrosion of MgO-C brick and on the impact on SiO2 on the corrosion of alumina-spinel.
The compositions of the three types of slag are shown in Table 1.
Table 1: Slag composition used in the corrosion test.
Compounds

Concentration (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

3 Corrosion of alumina-spinel brick
3.1 Alumina Spinel brick

Alumina-spinel bricks degrade due to two main mechanisms, firstly, when they come into contact with slag during the steel pouring
phase of steel production, and secondly, during the healing (repair) of the steel ladle. At this point, the steel ladle is upside down
and the slag comes back into contact with the ladle walls. To perform the experiments, alumina-spinel brick, described in
Deliverable 2.1, has been used. Its composition is given in Table 2.
Table 2: Chemical composition of the alumina-spinel brick used for corrosion test.
Compounds

Concentration (wt.%)

Al2O3

87.68

MgO

5.82

SiO2

4.82

Na2O

0.45

Fe2O3

0.25

CaO

0.17

P2O5

0.03

Others

0.78

3.2 Experimental procedures
To prepare the alumina-spinel samples for the corrosion test, first the alumina-spinel brick was cut and drilled into a circular shape
(d=25 mm, h=25 mm), then dried for 24h at 150 ºC. Next, the sample was incased in slag using a hydraulic press as shown in
Figure 1 then positioned in a graphite crucible. The corrosion test was conducted with the standard slag and the modified 10SiO2
slag, at 1350 °C for 10 and 30 hours.
3 / 18
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Figure 1: Schema of refractory sample pressed with slag pellet.

Table 3 shows the history of the corrosion tests. After corrosion, two different zones of the sample were selected, for phase
composition analysis and microstructure investigations.
The two zones selected were:
1) the edge part, in contact with the slag (interface zone)
2) the core part, the internal part of the refractory sample.
Table 3: Heat-treatment history of corrosion test.

Sample name Slag type Temperature (°C) Dwell time (h) Atmosphere
Al-1-1

Standard

1350

10

Reducing

Al-1-2

Standard

1350

30

Reducing

Al-2-1

10SiO2

1350

10

Reducing

Al-2-2

10SiO2

1350

30

Reducing

3.3 Results
3.3.1
3.3.1.1

Corrosion using the standard slag
Phase composition

Figure 2(a) shows the phase composition analysis of the edge of Al-1-1 (1350 °C - 10h) and Al-1-2 (1350 °C - 30h) samples,
respectively. Mayenite (C12A7) peaks are present in both XRD patterns (Al-1-1 and Al-1-2) which is due to remnants of slag on
the edge parts after cooling, due to partial slag’s infiltration. By prolonging the dwell time to 30h, the intensity of the mayenite
(C12A7) peaks decreased, as a result of higher infiltration and less remained slag.
Furthermore, Figure 2(a) shows the presence of calcium aluminates like calcium monoaluminate (CA), calcium dialuminate (CA2)
and calcium hexaluminate (CA6). This indicates that, not only did the slag infiltrate into the alumina-spinel sample, but that it also
reacted chemically, leading to the formation of some minor new phases in the edge parts. Peaks, belonging to the calcium
monoaluminate (CA) and calcium dialuminate (CA2) phases, can be observed forming after 10h and those associated with a
calcium hexaluminate phase (CA6), are present after 30h. It can therefore be inferred, due to the observed differences between
10 and 30h, that the slag could not reach the equilibrium condition even after 10h.
Figure 2(b) shows the XRD pattern from the core region of Al-1-1 (1350 °C - 10h) and Al-1-2 (1350 °C - 30h), respectively.
Corundum (Al2O3), spinel (MgAl2O4), beta-alumina (Na2Al22O34), and silica (SiO2) phases are present in both samples and there
4 / 18
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is no peak of mayenite, calcium aluminates or other new phases. Therefore, it can be concluded that there was no reaction
between the slag and the alumina-spinel refractory sample in the core part of the corroded samples after 10 and 30h.

(a)

(b)
Figure 2: XRD patterns of corroded Al-1-1 and Al-1-2 alumina-spinel samples with standard slag
(a) edge part of the samples, and (b) core part of the sample.

3.3.1.2

Microstructure

The overview SEM image of the edge and core part of the Al-1-1 (1350 °C - 10h) is shown in Figure 3(a) and (b), respectively.
Figure 3(a) shows that mayenite (C12A7), calcium monoaluminate (CA) and calcium dialuminate (CA2) are observed on the edge
part of the Al-1-1 sample. Although the slag has reacted with alumina grains, there are still fine spinel grains which remain
unreacted in the matrix phase. Figure 3(b) shows the SEM overview of the core part of Al-1-1 sample, some calcium
monoaluminate (CA) is observed in the matrix and calcium dialuminate (CA2) around alumina grains. Some unreacted spinel
phase was also observed as fine grains in the matrix.

5 / 18
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a)

b)

Figure 3: SEM micrographs of Al-1-1 sample corroded at 1350 °C, for 10h, showing phases present in
a) the edge of the sample, and b) the core of the sample.

Figure 4(a) and (b) show the SEM micrographs of the edge and core part of Al-1-2 sample, respectively. Mayneite (C12A7), calcium
dialuminate (CA2), spinel, and gehlenite (C2AS) are present in the edge and core parts of the sample. This result confirms the
phase composition analysis and shows that the remaining slag (mayneite) on the right side of the Figure 4(a) and gehlenite (C2AS)
among fine spinel grains in the matrix. Moreover, there are some accumulated calcium dialuminate (CA2) from the reaction of
alumina (from refractory side) and calcium dioxide (from slag side).

a)

b)

Figure 4: SEM micrographs of Al-1-2 sample, 1350 °C, 30h showing phases present in
a) the edge of the sample, and b) the core of the sample.

3.3.2
3.3.2.1

Corrosion using 10SiO2 addition slag
Phase composition

Figure 5(a) shows the edge part's XRD pattern of Al-2-1 (1350 °C - 10h) and Al-2-2 (1350 °C - 30h) corroded by slag modified
with silica (10SiO2). After 10h, the mayenite (C12A7), CA, and CA2 are present. Additionally, a small amount of calcium alumina
silicate (gehlenite (C2AS)) is present. By extending the time to 30h, the amount of the gehlenite phase is increased, and the CA6
phase peaks appear in the XRD pattern. Fig.5(b) shows the core part's XRD pattern of Al-2-1 (1350 °C - 10h) and Al-2-2 (1350 °C
- 30h) corroded by 10SiO2. Gehlenite (C2AS), which was not observed after 10 hours of corrosion with the standard slag, is
6 / 18
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present in the XRD pattern after 10h of corrosion with 10SiO2. Though, after 30h, the gehlenite phase and calcium aluminate
phases were also observed in the core. This may show that silicon dioxide might facilitate slag penetration. Also, the peak intensity
in 7.85° has increased due to the overlapping of calcium hexaluminate (CA6) and beta-alumina (Na2Al22O34) peaks at this point.

(a)

(b)
Figure 5: XRD patterns of corroded alumina-spinel sample by 10SiO2 slag
a) edge part of the sample, and b) core part of the sample.

3.3.2.2

Microstructure

Figure 6(a) and (b) illustrate the overview SEM pictures of the edge part of Al-2-1 sample corroded with 10SiO2 after 10h. The
present calcium aluminate phases are calcium monoaluminate (CA), calcium dialuminate (CA2), and calcium hexaluminate (CA6),
as well as calcium alumina silicate (C2AS). The difference between the formed phases in the microstructure of corroded samples
with standard slag (Al-1-1 and Al-1-2) and 10SiO2 slag (Al-2-1 and Al-2-2) is the presence of calcium hexa-aluminate (CA6)
alongside coarse alumina grains at 1350 °C, after 10h corrosion, as well as presence of calcium aluminium silicate. This could
point out that silicon dioxide addition to the slag composition may accelerate the reactions between Ca+2 and Al+3 within the
microstructure.
Figure 7(a) and (b) shows an SEM overview image of the edge and core parts respectively, of the Al-2-2 sample, corroded by
10SiO2 slag after 30h. It seems that the matrix is fully corroded, and there is no distinguishable barrier between corroded and un7 / 18
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corroded areas which was present in Figure 6. The sample microstructure is full of calcium aluminate phases like CA, CA2, and
CA6. The noticeable difference that should be mentioned about this sample is that the edge parts were completely corroded, and
the centre of the sample was corroded and changed considerably. According to Jia et al. [3], calcium aluminum silicate called
gehlenite (C2AS) has a pore self-forming behaviour which happens between 900-1450 °C. This characteristic may encourage
abnormal expansion during the sintering process of gehlenite. Hence, the higher slag impregnation may relate to this pore selfforming behaviour of the gehlenite (CA2S) phase inducing further micro-cracking in the local infiltrated microstructure.
C2AS

3

2
4

1

CA2

5

CA

CA6

6

Al2O3

(a)

(b)

Figure 6: SEM micrographs of corroded alumina-spinel - 10SiO2 slag (1350 °C - 10h)
(a) edge part and (b) core part of the sample.

CA6
Al2O3

1

2
3

4
CA

CA2

(a)

(b)

Figure 7: SEM micrographs of corroded alumina-spinel - 10SiO2 slag (1350 °C - 30h)
(a) edge part of the sample, and, (b) core part of the sample.

3.4 Discussion
The corrosion test of the alumina-spinel sample was conducted in a reducing atmosphere. The sample was corroded with
standard and 10SiO2 slags at 1350 °C for 10 and 30 hours. The sample was then divided into two distinct parts to check the
phase degradation: the edge part and core part of the sample. Referring to the deliverable 2.1, the XRD and SEM investigations
of un-corroded alumina-spinel brick showed that the alumina-spinel main components are alumina (Al2O3) and alumina-rich spinel
(Mg7.5Al16O34). At 1350 °C, after 10h of corrosion test, both slags (standard and 10SiO2) had minor infiltration into the
microstructure. By increasing the corrosion time to 30h, the level of diffusion of the standard slag stayed constant, however,
10SiO2 showed higher infiltration in the microstructure, and the alumina-spinel brick had been impregnated by the 10SiO2 slag.
However, it should be considered that by extending the time from 10h to 30h, the reactions between calcium oxide (CaO) from
the slag side and alumina (Al2O3) from refractory side, can continue leading to the formation of hexaluminate (CA6). According to
8 / 18
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the Braulio et al [4] the corrosion process begins with the infiltration of CaO and subsequent reactions with Al2O3 according to the
Equ. 1:
CaO + Al2O3→ CaO.Al2O3 + Al2O3→CaO.2Al2O3 + 4Al2O3→ CaO.6Al2O3
Equ. 1
Furthermore, SiO2 can react with CA6 to form the calcium aluminium silicate (CA2S) according to Equ. 2.
SiO2 + CaO.6Al2O3→ 2CaO.Al2O3.SiO2 or CaO.Al2O3.SiO2

Equ. 2

Calcium aluminates are formed on the alumina grains enhancing the corrosion resistance of alumina-spinel brick and preventing
alumina grains from dissolution and further corrosion. Figure 8 shows the binary phase diagram of alumina (Al2O3) and calcium
oxide (CaO). According to this binary diagram, calcium aluminate layer formation is (C12A7+CA), (CA+CA2), and (CA2+CA6) and
after that again (CA6+Al2O3). In other words, by increasing temperature, and reaching CA6 formation, the reaction between CaO
and Al2O3 is completed and no new calcium aluminate will be produced. CaO, and SiO2 components in the slag accelerate this
reaction. The CA6 phase is the final phase of reacted CA and CA2 with Al2O3, which induces local densification. This local
densification protects the coarse alumina grains from further infiltration by the slag [5–10].

Figure 8: Binary phase diagram of Al2O3-CaO.

3.5 Alumina-spinel brick conclusion
This section delivers an investigation of alumina-spinel refractory corroded by standard slag and 10SiO2 slag. For this purpose,
laboratory corrosion tests at 1350 °C in a reducing atmosphere were performed. Samples were principally studied by
microstructural techniques (SEM with energy-dispersive X-ray analysis). The results showed that after 10h of corrosion test,
standard and 10SiO2 slags both resulted in minor infiltration. The infiltration of reactants, specifically Ca2+, into the refractory
material leads to the formation of calcium aluminate phases CA, CA2 and CA6. Regarding the corrosion with 10SiO2 slag, gehlenite
(Ca2Al2SiO7) was observed both in the XRD pattern and SEM micrographs. This indicates that an additional amount of silicon
dioxide in the system leads to the formation of a low melting phase (called gehlenite). An increase in the reactions between the
Al+3 and Ca+2 ions is thus possible, in the interaction area, resulting in calcium hexa-aluminate (CA6) formation after only 10h of
corrosion. Moreover, according to the SEM overview images, by extending time to 30h, the 10SiO2 slag showed a higher level of
infiltration in the microstructure. Overall, standard and 10SiO2 slags both infiltrated into the microstructure, but the results showed
that by extending the corrosion test dwell time a higher presence of SiO2 in the slag composition could decrease alumina-spinel's
corrosion resistance and increasing slag’s infiltration.

4 Corrosion of MgO-C
Magnesia carbon bricks are typical refractory bricks used in the slag line of steel ladle. They exhibit a good resistance to corrosion
thanks to the non-wetting properties of the carbon matrix, however, they are still degraded by the slag in the ladle.
The corrosion mechanisms of MgO-C will be described here based on a study of the influence of slag composition on the corrosion
of the brick. This study will be use as a support to describe the fundamental corrosion mechanisms of MgO-C and how the slag
composition influences them.
9 / 18
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4.1 Magnesia-carbon brick
To perform the experiments, a commercial resin bonded magnesia-carbon brick (MgO-C brick), described in more details in
Deliverable 2.1, has been used. The composition of this brick is given in Table 4.
Table 4: Composition of the MgO-C brick used for the corrosion test.
Compounds

Mineral phases
90 wt. %

Matrix
10 wt. %

Concentration (wt. %)
MgO
Al2O3
SiO2
CaO

96.9
0.2
0.5
1.9

Fe2O3

0.3

C

100

4.2 Experimental procedures
4.2.1

Contact test

The first corrosion test, called contact test, consists of putting a pellet of pressed slag onto a piece of brick and heat treating the
ensemble. Its purpose is to determine what happens when the amount of slag is low compared to the amount of brick. Pellets of
slags were prepared and small pieces of brick were cut out of the commercial brick. A pellet of slag was put onto a piece of brick
and each ensemble was put on a carbon bed in a close carbon crucible to generate a reducing atmosphere. The sample were
heat treated for 1h at 1450 °C and 1550 °C with a heating rate of 5 °C/min and with a natural cooling. After the heat treatment,
the samples were cut in two, the sections were polished with diamond paste, and then the brick/slag interface was observed with
an SEM coupled with EDS (SEM FEI NovaNanoSem 200 and LEO Zeiss Type 440i- Oxford Link Isis, germanium detector).

4.2.2

Dipping test

The second test, called dipping test, consists of dipping MgO-C bar in a large quantity of molten slag. The goal is to determine
what happen when the amount of slag is large compared to the amount of brick. To perform the test, the 2kg of slag was first
melted under air in an open vacuum chamber. When the slag was molten, the chamber was closed, evacuated and filled with
argon. Then 25 x 25 x 125 mm prismatic bars were lower down and kept just above the slag for 10 minutes to avoid thermal shock
during the dipping. The bars were dipped into and kept in the melted slag for 1h at 1550 °C and 1600 °C. After 1 h, the bars were
removed from the slag and allowed to cool down naturally in air. After cooling, they were cut in two, the sections were polished
with diamond paste, and observed with an SEM coupled with EDS (SEM FEI NovaNanoSem 200 and LEO Zeiss Type 440iOxford Link Isis, germanium detector).

4.2.3

Factsage

In order to facilitate the interpretation of the results, some thermochemical calculations were managed to estimate slag viscosity
from its composition and predict potential phases that could be obtained from the reaction between the slag and the brick. These
calculations were performed using the commercial software Factsage 7.3. Two modules were used: Viscosity and Equilib. The
module viscosity was used for the properties of the melts. The module Equilib was used, with the databased FactPS, FToxid and
FSsteel, to obtain the potential phases.

4.3 Results
In fact, the microstructures of the corroded samples have been already described in Deliverable 2.1. Nevertheless, to facilitate
the reading of the current deliverable 2.2, the microstructure of the corroded samples will be briefly revisited.

4.3.1

Sample corroded using the contact test

In Figure 9, pitting, in the shape in the MgO grains (indicated by orange lines), can be observed. Looking more locally at the
interface between the MgO grains and the slag, the surface of the MgO grains is irregular, as can be seen in Figure 10a) and
Figure 11a), b) and c). Looking at the slag side, the formation of many MgO dendrites can be seen, which suggests that the
amount of MgO in the slag has increased. All of these observations suggest that the MgO has been dissolved by the different
types of slag.

10 / 18
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Figure 9: Pitting (indicated in orange) in the shape of MgO grains at the interface between MgO-C brick and slag.

Moreover, metallic droplets are present on the surface of the bricks. They are composed mainly of Fe for the samples corroded
by the standard or the 10SiO2 slag, and Fe and Mn for the samples corroded using the 10MnO slag. An MgO layer is observed
on the surface of the sample corroded using the 10MnO slag at 1450 °C and 1550 °C, as shown in Figure 10c) and d) and Figure
11c) and d). The carbon matrix has also been slightly oxidized as indicated by the decarburized area shown in Figure 11. These
observations, combined together, indicate a carbothermic reaction between the carbon matrix and MgO.
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d)
Figure 10: Micrographs of the MgO-C bricks after corrosion with the contact test in a reducing atmosphere at 1450 °C using
a) standard slag, b) 10SiO2 slag, c) 10 MnO slag and d) a zoom of the magnesia layer (10MnO slag).

The samples corroded at 1450 °C and 1550 °C appear mostly similar but the sample prepared at 1550 °C appears to have been
corroded to a greater extent as more slag can be observed behind the slag/MgO interface, as shown in Figure 11.
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Figure 11: Micrographs of the MgO-C brick after corrosion with the contact test in a reducing atmosphere at 1550 °C using
a) standard slag, b) 10SiO2 slag, c) 10 MnO slag and d) a zoom of the magnesia layer (10MnO slag).

4.3.2

Sample from the dipping test

The second test performed was the dipping test. First, the corrosion of the samples using the standard and the 10MnO slag was
low at both temperatures, no difference in the width could be measured. For the samples corroded using the 10SiO2 slag, the
corrosion was low at 1550 °C and higher at 1600 °C: the sample lost about a third of its width, as is observed in Figure 12.
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Figure 12: Pictures of the corroded MgO-C samples obtained with the dipping test
under an argon atmosphere at 1550 °C and 1600 °C using the 3 slags.

The microstructure of the samples from the dipping test observed by SEM are mostly similar to those observed in the previous
test. MgO is partially dissolved into the slag as show in Figure 13 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 are present at the surface of all the
bricks. A small amount of carbon is oxidized and replace by the slag. The only difference is the absence of the MgO layer in all
the samples.

a)
b)
c)
Figure 13: Micrographs of MgO-C samples obtained after the dipping test under argon atmosphere at 1600 °C for 1h using
a) standard slag, b) 10SiO2 slag and c) 10MnO slag.

4.4 Discussion
Two mechanisms are mainly responsible for the corrosion of MgO-C bricks: the oxidation of the carbon matrix and the dissolution
of magnesia. How they take place and how the composition of slag impact them will be described below.

4.4.1

Oxidation of carbon and formation of a MgO layer in the sample

The first phenomenon responsible for the corrosion of the MgO-C brick is the oxidation of the carbon from the matrix. The oxidation
occurs at the interface of the sample, as indicated by the decarburized area, the presence of metallic droplets of Fe or Fe-Mn at
the brick/slag interface observed in Figure 10, Figure 11 and Figure 13 and the formation of an MgO layer in the sample corroded
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using the 10MnO as seen in Figure 10c), d) and Figure 11c), d). It is the result of the carbothermic reaction (Equ. 3) between the
carbon from the matrix and the MgO aggregates [11-13].
Equ. 3

𝐶(𝑠) + 𝑀𝑔𝑂(𝑠) ↔ 𝐶𝑂(𝑔) + 𝑀𝑔(𝑔)

It leads to the removal of the C in the matrix and the formation of a Mg gas. The Mg gas subsequently reacts with easily reducible
elements (according to Ellingham diagram) from the slag: FeO and MnO, according to Equ. 4 and Equ. 5. This results in the
formation of solid MgO and metallic Fe and Mn droplets at the interfaces [14-17].
3 𝑀𝑔(𝑔) + 𝐹𝑒2 𝑂3 (𝑠𝑙𝑎𝑔) ↔ 3 𝑀𝑔𝑂(𝑠) + 2 𝐹𝑒(𝑙)
Equ. 4
𝑀𝑔(𝑔) + 𝑀𝑛𝑂(𝑠𝑙𝑎𝑔) ↔ 𝑀𝑔𝑂(𝑠) + 𝑀𝑛(𝑙)

Equ. 5

While the metallic droplets are present in all the samples, the layer of MgO was only observed in the samples from the pellet test
corroded using the 10MnO slag. The presence of the MgO layer in these samples has two possible explanations: more Mg gas
can form, and thus be oxidized, in these samples and/or the dissolution of MgO is lower in the 10MnO slag. This latter mechanism
will be examined in the following subsection.
The amount of Mg gas that can be oxidized when the amount of MnO increases in the slag was examined qualitatively by
performing thermochemical calculations with Factsage. The Factsage calculations were performed with the Equilib module by
inputting 20 g of Mg gas and 100 g of slag with increasing MnO content. The results are presented in Figure 14.

a)

b)

Figure 14: Impact of the increase of MnO, in a calcium-aluminate slag, on the oxidation of Mg gas calculated with Factsage.
a) evolution of the amount of the stable phases in function of MnO content and
b) evolution of the quantity of Mg gas and MgO solid in function of MnO content.

The quantity of Mg gas that can be re-oxidized by the slag and form the MgO layer, increases when the quantity of MnO in the
slag increases. This is suggested by the parallel increase of MgO, Mn and Fe in Error! Reference source not found.a). Indeed,
Equ. 4 and Equ. 5 indicate that metallic Fe and Mn form as the result of the oxidation of Mg gas by the slag. Moreover, Figure
14b) indicates that the quantity of MgO increases as the quantity of Mg gas decreases, which again suggests that increasing the
amount of MnO in the slag leads to greater MgO layer formation. However, if the formation of the MgO layer is the only phenomena
taking place, the MgO layer should also be observed in the sample from the dipping test. Hence another degradation phenomenon
is taking place in the sample, the dissolution of MgO in the slag.

4.4.2

Dissolution of MgO.

In all samples, MgO is dissolved, as indicated by the pitting observed in Figure 9, as well as the irregular surface of the MgO
grains and the presence of MgO dendrites in the slag in Figure 10, Figure 11 and Figure 13. The dissolution of MgO is diffusion
controlled [11,18,19], hence the dissolution of MgO in the slag can be described by the Noyes-Nernst’s equation Equ. 6 and Equ.
7 for static diffusion (the experiments performed were static tests) [11].
𝑑𝐶
Equ. 6
𝑉
= 𝑗𝐴 = 𝐴𝐷(𝐶𝑠𝑎𝑡 − 𝐶𝑠𝑙𝑎𝑔 )⁄𝛿 ∗
𝑑𝑡
𝐷 = (𝑘𝑇)/(6r),
Equ. 7
with
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Where 𝐴 is the surface of the interface, 𝐷 is the coefficient of diffusion, 𝐶𝑠𝑎𝑡 is the saturation concentration of the component
considered, 𝐶𝑠𝑙𝑎𝑔 its concentration of the same component in the melt, 𝛿 ∗ the effective boundary layer for diffusion, 𝑘 is the
Boltzmann constant, 𝐷 is the diffusivity coefficient, 𝜂 is the slag viscosity and 𝑟 the diameter of the diffusing component.
This equation indicates that the dissolution of MgO depends on 𝐶𝑠𝑎𝑡 of the slag. It can explain why the MgO layer is only visible
in the samples from the pellet test and why the sample corroded using the 10SiO 2 slag is corroded to a greater extent, as seen
in Figure 12.
As mentioned above, the MgO layer is only observed in the samples corroded with the contact test using the 10MnO slag and
not the dipping test. This originates from the different amounts of slag used to perform the dipping and contact tests. For the
contact test, the quantity of slag used is low. At the end of the experiment, the slag is close to saturation or saturated in MgO:
𝐶𝑠𝑙𝑎𝑔 = 𝐶𝑠𝑎𝑡 hence the dissolution stops. The presence of MgO dendrites (an indication that MgO precipitates in the slag) in
the sample from the contact test in Figure 10c) and d) and Figure 11c) and d), and their absence in the sample from the dipping
test in Figure 13c) corroborate this observation. For the dipping test, the quantity of slag is large compared to the size of the
samples and the slags used for the experiments are far from MgO saturation. The slag is not saturated at the end of the
experiment: 𝐶𝑠𝑙𝑎𝑔 < 𝐶𝑠𝑎𝑡 . Thus, the entire MgO layer formed is dissolved by the slags and cannot be observed.
On the other hand, the sample from the dipping test corroded using the SiO2 slag had a higher dissolution compared to the other
sample. This can be explained by the 𝐶𝑠𝑎𝑡 of MgO in the different slags. 𝐶𝑠𝑎𝑡 of the three slag was thus compared by performing
calculations with the Equilib module of Factsage. The results were obtained by inputting 100 g of MgO with 100 g of slag
(composition given in Table 1). The obtained results are presented in Figure 15. The graph indicated that the 𝐶𝑠𝑎𝑡 of the 10SiO2
slag is the highest and the 𝐶𝑠𝑎𝑡 of the 10MnO slag is the lowest which is in accordance with the literature [21].

Figure 15: Evolution of 𝑪𝒔𝒂𝒕 with temperature for each of the three investigated slags.

According to the Noyes-Nernst’s equation Equ. 6 and Equ. 7, the corrosion of MgO will increase with a higher 𝐶𝑠𝑎𝑡 . The 𝐶𝑠𝑎𝑡 of
the 10SiO2 is the highest according to Figure 15. This explained why the samples corroded using the 10SiO2 exhibits the highest
corrosion. Moreover, according to literature, increasing SiO2 content in the slag (i.e decreasing the basicity of the slag) increases
the dissolution of MgO and consequently the corrosion of the MgO bricks [19-22].
The graph also indicates that the 𝐶𝑠𝑎𝑡 of the 10MnO slag is the lowest. In addition to the higher formation and reoxidation of MgO
gas, this can explain the presence of the MgO layer in the sample corroded by the 10MnO slag and its absence in the samples
corroded using the standard slag or the 10SiO2 slag. Moreover, the viscosity of the slag can also affect the dissolution of MgO
according to Equ. 6 and Equ. 7. The calculation of the viscosity was performed using the viscosity module of Factsage. The
results are presented in Figure 16.
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a)

b)

Figure 16: Calculation of the viscosity of calcium-aluminate slag with increasing content of
a) SiO2 and b) MnO using Factsage at 1550 °C.

This indicates that adding SiO2 to the slag will increase the viscosity of the slag; it should lead to a decrease of the dissolution of
MgO. However, the results of the dipping test suggest that the corrosion of the samples using the 10SiO2 slag was the highest as
the highest width loss was observed for the sample corroded by the 10SiO2 slag at 1600 °C in Figure 12. On the other hand,
adding MnO to the slag will decrease the viscosity of the slag and thus should increase the corrosion of MgO. However, the
sample corroded using this slag exhibits the same corrosion as the sample corroded using the standard slag. This indicates that
the MgO layer protects, in part, the sample from corrosion and/or that 𝐶𝑠𝑎𝑡 has a higher impact on the corrosion than the
viscosity .

4.5 MgO-C brick conclusion
The identified basic mechanisms of MgO-C brick corrosion are:
• the oxidation of carbon due to the carbothermic reaction of C from the matrix with the MgO aggregates,
• the formation of an MgO layer at the surface of the bricks due to the formation and subsequent oxidation of Mg gas,
• the dissolution of the MgO aggregates in the slag.
The modification of the slag composition could influence one, or several, of these mechanisms. The addition of silica in the slag
increases the corrosion of the MgO-C brick due to an increase of the concentration to saturation of MgO in the slag.
On the other hand, the corrosion of the samples using the standard slag and the slag with additional manganese oxide is similar,
hence the addition of manganese will not increase the corrosion of the MgO-C brick compared to a more regular slag.
Furthermore, the addition of manganese oxide favours the formation of a MgO layer at the interface between the brick and the
slag. In a slag saturated in MgO, which is often the case in industrial slag found in the steel ladle, it might protect the MgO-C brick
and reduce its corrosion.

5 Conclusions
Corrosion tests, on two different types of refractory brick used in a steel ladle, have been performed and briefly reported in this
deliverable. These tests have provided insights into the corrosion mechanisms of alumina spinel and magnesia carbon bricks in
contact with calcium aluminate slags.
In the case of alumina spinel bricks, the samples were infiltrated and the Ca2+ ions reacted with the alumina grains to form CA,
CA2 and CA6. In addition, in the samples corroded using the 10SiO2 slag, more gehlenite formed compared to the sample corroded
using the standard slag. Gehlenite is a low melting point phase, when present in the sample, it promotes the further infiltration of
the slag. Hence, the samples corroded using the 10SiO2 were corroded to a greater extent than the samples corroded using the
standard slag.
In the case of magnesia carbon brick, the carbon matrix was oxidized due to the carbothermic reaction between MgO and C. This
leads in turn to the formation of Mg gas. The Mg gas further reacted with easily reducible elements, FeO and MnO, from the slag
to form a MgO layer at the surface of the brick. With the 10MnO slag, the amount of reducible elements was higher, hence the
formation of the magnesia layer increased. Additionally to the oxidation of carbon, the magnesia grains are dissolved by the slag.
Due to the higher concentration to saturation of MgO in the 10SiO2 slag, the extent of corrosion of the sample treated using the
10SiO2 slag was higher than with the two other slags.
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