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Abstract: The corrosion of high purity MgO refractories from molten iron-rich OBM converter slag has been investigated by performing 

experiments in an electric laboratory furnace. Corrosion tests were conducted at 1600 - 1650oC for 1, 2 or 4 hours. Following lab 

experiments, the mineralogical phases of MgO refractories, slags and the intermediate infiltration zone were identified by SEM/EDS. It has 

been shown that Fe infiltrates and replaces Mg in MgO refractories, thus forming magnesiowustite ((Mg,Fe)O). The maximum depth of the 

slag infiltration zone was estimated to 1.31 mm in the laboratory test where slag was in contact with the refractory for 4 h, at 1650⁰ C 

Thermodynamic modeling of the slag and refractories equilibrium conducted with FactSage 7.0, confirmed the formation of magnesiowustite 

in the intermediate zone, with progressively higher substitution rate of Mg by Fe. This increasing substitution results in a decrease of the 

melting point of magnesiowustite, thus causing the collapse of the refractories even at temperatures lower than the operational temperature. 
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1. Introduction 

The conventional RKEF (Rotary Kiln-Electric arc Furnace) 

method is applied by LARCO SA at the metallurgical plant in 

Larymna, Greece, to treat Greek laterites for ferronickel production. 

The nickel content in the ferronickel alloy produced from the five 

submerged electric arc furnaces is around 10%. In order to refine 

the alloy and meet the market specifications, this is further enriched 

by prolonged blowing of oxygen in OBM converters. The molten 

alloy is fed in the converters at temperatures around 1350°C and 

due to the highly exothermic reactions of impurities oxidation and 

preferential iron oxidation to iron oxides, thus forming an iron rich 

slag, the working temperature inside the converter is usually around 

1600 – 1650°C, but often reaches 1700°C. Due to high temperatures 

in OBM converters and the corrosiveness of the iron-rich converter 

slags, the refractory lining receives both thermal and chemical 

stresses, resulting in refractories damage and furnace lining failure 

thus posing significant risks to both the operations’ and personnel’s 

safety. In addition, the total cost of refractories replacement 

including the cost of magnesia refractories, the labor cost for lining 

replacement and the inevitable waste of operational time is high.  

Chemical corrosion of magnesium refractories is a major 

problem in pyrometallurgy. There have been several research 

studies on the mechanisms of magnesia refractories corrosion by 

various slags including ferronickel ones, however, almost all of 

them refer to the corrosion of refractories of electric arc furnaces of 

both steel and iron alloys production. However, in these systems the 

working temperature as well as the iron content are significantly 

lower compared to ferronickel converter slag and, consequently, the 

refractory corrosiveness is lower.  

Porosity plays an important role in the corrosion of refractories. 

If the surface of the refractories has no pores, the corrosion 

phenomenon occurs only on the front surface of the lining. 

Otherwise, molten slag penetrates inside the refractory mass and 

chemical reactions take place both on the external surface as well as 

in the refractories, resulting in the reduction of the thickness of the 

refractory lining at a faster rate. On the other hand, the temperature 

is not constant throughout the mass of the refractory but, instead, a 

temperature gradient is developed with the maximum temperature 

occurring at the refractory and slag interface. It is therefore quite 

possible that molten material penetrating the lining will 

progressively solidify forming new phases when the prevailing 

temperature is lower than the melting point. 

In almost all studies of refractory-slag corrosion systems 

presented in literature [1-4], the slag is characterized by high 

concentrations of Si and Ca oxides, in contrast to the slag of Fe-Ni 

converters of this study, where slag consists almost exclusively of 

iron oxides and Si and Ca oxides are below 6%. This creates 

different corrosion conditions, due to the more aggressive nature of 

FeO that has not been studied in detail to date. 

2. Materials and Methods 

Experiments were conducted using a sample of OBM slag from 

LARCO metallurgical plant, Greece, and high purity (type A) 

commercial magnesia refractories (CIMM Group Co, China) used 

in the same plant for OBM converter lining. Chemical analyses of 

both samples have been performed following digestion and AAS 

analysis. The results are given in Table 1.  

Table 1: Chemical analysis of slag and refractory sample 

Elements Slag (%) Refractory (%) 

FeO 64.35  

Fe2O3 17.64 0.90 
NiO 0.42  

CoO 0.04  

SiO2 6.28 1.30 
CaO 5.93 1.40 

MgO 2.85 96.00 

Al2O3 1.59 0.40 
Cr2O3 0.82  

MnO 0.08  

X-Ray diffraction of magnesia refractories sample indicated the 

presence of magnesia (periclase, MgO) and quartz (SiO2) (Fig. 1) 

 
Fig. 1 XRD pattern of magnesia refractories (1: MgO, 2: Quartz) 

 

In order to investigate the corrosion of magnesia refractories in 

contact with the OBM converter slag, laboratory experiments were 

conducted using magnesia crucibles constructed from refractories 

which were formulated into cubes with 7cm acne and a cylindrical 

hole 4.5 cm in diameter and 5 cm deep (Fig. 2). Experimental tests 

were conducted using a laboratory electric furnace. A slag sample 

of 100 grams was placed in each crucible and the furnace operated 

with a heating program of 4.5οC/min at ambient atmosphere. Tests 

were carried out at 1600°C and 1650oC for 1, 2 and 4 hours 

retention time (a total of 6 samples). Then, cross sections at the 

slag-crucible interface were made and thin polished sections were 

prepared for conducting Scanning Electron Microscopy (SEM) 

analyses and measurements. Thin polished sections were analysed 

using a JEOL 6380LV electron microscope, with 10 to 300,000 
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times magnification capability for morphological observation taking 

high quality Secondary Electron Images and Backscattered Electron 

Images. The microscope was also equipped with a system for 

elementary micro-analysis with scattered X-ray spectrometry (EDS, 

Energy Dispersive System) for qualitative and quantitative micro-

analysis and element mapping. 

 
Fig. 2 Crucible constructed from magnesia refractories 

A theoretical simulation of the slag-refractory system has also 

been performed using the FactSage 7.0 thermodynamic software to 

understand the processes of their interaction. The databases FactPS 

and FToxide of FactSage were used.  

3. Results and Discussion 

By the use of the SEM microscope, images of the corrosion area 

were received for all six thin polished sections at the slag –

refractory interface. Fig. 3 presents the cross section of the sample 

after contact of the slag with the refractory at 1650⁰ C for 1 hour. 

All samples are characterized by clear contact borders between 

refractory and slag. The slag on the right side is whiter due to the 

presence of high iron content, unlike the refractory on the left, 

which is almost pure magnesium oxide and dark in color. SEM 

analysis indicated formations of cellular patterns consisting of iron 

rich magnesiowustite in the periphery and successive magnesium or 

iron rich either thick or thin layers, in the center.  

 Ιn all samples, an infiltration zone (intermediate or penetration 

zone) was present, where iron oxides from slag have penetrated the 

refractories area. The depth of penetration depended on contact time 

and temperature and there were significant differences in the form 

of the penetration zone, with higher iron content near the slag which 

gradually decreases when moving towards the refractory. 

Significant differences were also observed at the same depth of 

penetration. 

Using the SEM images, the infiltration depth of slag in the 

refractory mass was measured, as shown in Fig. 3. Then, the 

average values of slag infiltration zone depth and the infiltration 

rate were determined as shown in Fig. 4 and 5. 

 

Fig. 4 Depth of infiltration zone (μm) vs. contact time at 

temperature 1600 and 1650oC  

 

Fig. 5 Rate of slag infiltration (μm/h) vs. contact time at 

temperature 1600 and 1650oC 

 

Fig. 3 Refractory-slag interface after treating at 1650⁰ C for 1 hour - 
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As seen in Fig. 4, the increase of the retention time or the 

temperature results in the increase of the slag penetration, as it was 

expected. However, it was observed that there was no significant 

difference of the depth of infiltration zone when increasing the 

retention time from 1 to 2 hours at 1650°C, while the rate of slag 

penetration decreased with increasing retention time (Fig. 5). 

In order to illustrate the spatial distribution of the basic 

elements in all the zones, mapping has been performed. The four 

chemical elements examined were magnesium, iron, silicon and 

calcium. Results are presented in Fig. 6, where the refractory mass 

is seen on the left, the metallurgical slag on the right, and the 

intermediate zone in the middle. In this zone, the iron of the slag 

reacted with the magnesium of the refractory. More precisely, liquid 

iron penetrated the refractory initially through the open pores on the 

surface. As penetration evolves, diffusion of iron takes places, 

gradually substituting magnesium in the periclase, thus forming 

magnesiowustite ((Mg,Fe)O) with magnesium following the 

opposite path to slag. The characteristics of the mixed magnesium 

iron oxide formed do not favor its dissolution in slag. The constant 

diffusion of iron in the penetration zone resulted in the creation of a 

thin tree structure, which was expanded to give large formations of 

iron-magnesium oxides of a characteristic white color as shown in 

the Fig. 7. In addition to the penetration of iron, there was also a 

small penetration of silicon and calcium. 

 

Fig. 7 Formations of iron-magnesium oxides with a characteristic 

white color 

As it can be seen from Figures 3 and 6, the gradual decrease of 

Mg, the increase of Fe content and the formation of the intermediate 

zone was evident in all cases. The formation of calcium-silicate 

compounds in slags upon their cooling is also observed. 

In addition to the experimental process, a theoretical simulation 

of the slag-refractory system was also performed using the FactSage 

7.0 thermodynamic software. The software analyses and calculates 

the thermodynamic equilibrium of the metal oxides contained in the 

slag and the refractory at various mixing ratios declared by variable 

A varying from 0 (refractory only) to 100% (slag only). For A = 0 

the composition of the oxide mixture corresponds to that of the 

refractory while for A = 1 the composition is the same as that of the 

slag. The total mass of the system theoretically examined is 1 g. The 

graphical representation of the mass of each constituent in the 

different phases produced in relation to the relative participation 

(variable A) of the refractory or the slag in the mixture, for 

temperature 1600°C is given in Fig. 8. As can be seen from this 

figure, only three phases appear in the system: 

a) Pure solid magnesium oxide (MgO(s)), which is the main 

phase of refractories (A = 0); its percentage decreases linearly with 

increasing percentage of slag in the mixture and becomes zero for a 

value of A = 0.36 at 1600°C. 

b) The mixture of magnesium and iron oxides 

(magnesiowustite, (Mg,Fe)O) symbolized by FactSage as 

MeO_A#1. The amount of this phase increases as iron gradually 

substitutes magnesium forming (Mg,Fe)O. Thus, the amount of 

solid MgO decreased as the amount of (Mg,Fe)O increases. In Fig. 

8, the amount of FeO and MgO as constituents of phase MeO_A#1 

are given. Upon increase of iron content in magnesiowustite the 

melting point of magnesiowustite decreased; when the latter is 

equal or below 1600oC, magnesium oxide reached its maximum 

value since magnesiowustite melted thus being incorporated into the 

liquid slag phase.  

c) The liquid slag, which is symbolized as SLAGA # 1, was 

formed even at very low slag/refractory ratios. At 1600οC it started 

being formed when refractory impurities were liquified, but its 

quantity decreased exponentially when slag ratios in the mixture 

became very high. 

4. Conclusions 

Refractories interact with iron-rich converter slags both at their 

interface and through their pores. A zone of FeO infiltration in the 

 
Fig. 6  Mapping images of a sample after treating at 1650⁰ C for 1 hour (refractory on the left, slag on the right)- 
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mass of refractories is formed, which is characterized by the 

substitution of MgO by FeO thus forming magnesiowustite 

((Mg,Fe)O). SEM analysis indicated the formation of a cellular 

pattern consisting of dark and light grey formations associated to 

the increased magnesium and iron content in magnesiowustite 

respectively, with iron rich magnesiowustite in the periphery and 

successive magnesium or iron rich thick or thin layers in the center. 

 The thickness of the penetration zone increased with contact 

time and temperature and reached up to 1.3 mm in 4 hours of 

processing. The rate of increase of the penetration zone decreased 

when retention time was increased. 

The FactSage thermodynamic simulations indicated that pure 

solid magnesium oxide (periclase) in contact with the iron rich slag 

was progressively converted to magnesiowustite by substituting Mg 

by Fe. When the content of iron in magnesiowustite substantially 

increased, the consequent decrease of the melting point of 

magnesiowustite, resulted in melting of magnesuioowustite and its 

dissolution in the liquid slag, thus contributing to the refractory 

collapse and failure of refractory lining.  
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Fig. 8 Phases formed and their composition in the magnesia refractory – slag system at 1600 oC determined by FactSage vs. their 

mixing ratio (A=0 refractory no slag, A=1 pure slag) 
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