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ABSTRACT 
 
The present work was initiated to investigate runner refractory corrosion by molten 
steel. The aim was to understand the mechanism of inclusion formation during ingot 
casting. The work is also of interest to other unit processes in steel making, where 
refractory corrosion and erosion are serious problems. The oxides investigated in the 
present work were alumina, silica and mullite, which are the main components in 
runner refractory. In addition, industrial refractory material was investigated. 
 
Two types of experiments were conducted. The first, “rod experiments”, involved 
dipping a rod of the oxide into an iron bath containing varying amounts of oxygen. 
After quenching, the rods were examined through SEM/EDS analysis. In the second 
sets of experiments, the wetting behaviour of molten iron on refractory oxides was 
investigated by means of the sessile-drop method. The reactions were followed in 
static as well as dynamic modes through contact angle measurements. Temperature 
and oxygen partial pressure were, besides time the parameters that were investigated 
in the present study. Oxygen partial pressure was defined by introducing a gas 
mixture of CO-CO2-Ar into the furnace. 
 
The experimental studies were preceded by a thermodynamic investigation of the 
refractory systems, in order to get a fundamental understanding of the reactions that 
occurred. Phase stability diagrams for the systems were constructed based on the data 
available in literature. The diagrams showed that the reaction between alumina and 
oxygen containing iron would lead to the formation of hercynite at a critical oxygen 
level in the metal. With silica, the reaction would lead to the formation of fayalite. In 
the mullite case, the reaction products would be hercynite at moderate oxygen levels 
in the melt and hercynite together with fayalite at slightly higher oxygen potentials. 
 
For all substrates, the contact angles started decreasing as the surface-active oxygen 
came into contact with the iron drop. At a critical level of oxygen in the metal, a 
reaction product started forming at the drop/substrate interface. The reaction products 
were identified through SEM/EDS analysis and were found to be in agreement with 
thermodynamic predictions. In the case of SiO2 substrate, there were also deep 
erosion tracks along the periphery of the drops, probably due to Marangoni flow. 
 
Alumina-graphite refractory reactions with molten iron were also investigated through 
Monte Carlo simulations. The results showed that, with increased alumina content in 
the refractory, the carbon dissolution into the melt decreased. Further, the wetting 
behaviour at the interface was found to be an important factor to considerably reduce 
the carbon dissolution from alumina-graphite refractories. 
 
The experimentation was extended to the commercial refractories used in the ingot 
casting process at Uddeholm Tooling AB, Sweden. The analysis of the plant trial 
samples indicates that there is less likelihood of a strong corrosion of the refractories 
that could lead to a significant population of inclusions in the end product. The impact 
of the present experimental results on refractory erosion is discussed. The importance 
of the results to clean steel processing and development of new generation refractories 
are also presented.  
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1. INTRODUCTION 

 
Refractories are ceramics consisting of chemically stable, non-metallic compounds or 
mixtures of the same. Their heat resistance and hardness make them suitable for lining 
purpose in steelmaking vessels. However, conditions prevailing under steelmaking 
processes are aggressive, making the ceramics susceptible to corrosion. This, together 
with their brittle nature, poses limitation to their applicability. The stability of the 
refractories depends on the strength and porosity of the refractory material.  
 
Refractory wear in steelmaking processes creates serious problems, with implications 
on process economy and environment. Fundamental knowledge of the mechanisms of 
refractory wear caused by liquid steel and slags is considered very important in the 
economic optimisation of steelmaking processes. In addition, refractory erosion by 
molten steel during the refining and casting steps of the process can contribute to the 
formation of non-metallic inclusions in steel, resulting in an adverse effect on the steel 
quality. 
 
In the ingot processing of steel, the molten metal flows through refractory runners into 
the ingot. The refractory in the runners comes under severe attack by the molten steel. 
This attack consists of two parts, viz. the chemical corrosion as well as the mechanical 
erosion wherein the refractory is “peeled” off and the pieces follow the flowing metal. 
Corrosion and erosion of runner refractories can lead to accumulation of oxide 
inclusions in the steel, resulting in the formation of micro- and macro inclusions, 
leading to the downgrading of the steel quality in terms of steel cleanliness. 
 
The resistance to chemical corrosion of the refractory materials can be improved by 
choosing materials of better thermodynamic stability or by generating 
kinetic/diffusion barriers that hinder the propagation of the corrosion reaction. These 
areas require fundamental understanding of both thermodynamics and kinetics, 
including mass transfer aspects, of the reactions involved. Another important aspect 
calling for increased attention is the extent of the surface reactions. The present 
project was initiated with an aim to investigate the corrosion reactions in uphill 
teeming of steel during ingot casting, with a special focus on runner refractories. The 
objective was to develop a fundamental understanding of the mechanism involved so 
that industrial practice could be optimised by further improvements by the choice of 
refractories.  
 
Molten steel contains a number of dissolved elements including carbon, oxygen and 
sulphur in very small quantities. Earlier work1,2 showed that reactions between “FeO” 
in slags and refractory linings have a serious impact on the corrosion of the 
refractories. Hence, it was felt that reactions between oxygen-containing iron and the 
refractory lining could be of utmost importance.  
 
The runner refractory used in the steel industry mainly consists of Al2O3 and SiO2. 
Examination of the phase diagram3 of the system Al2O3-SiO2 reveals the formation of 
the stable compound, mullite with the formula 3 232 2SiOOAl ⋅ . The Gibbs energy of 
formation for this compound is low4, ca 30−  kJ⋅mole-1 at 1873 K; hence it is 
reasonable to assume that it could be the predominant phase in runner refractory. The 
present work was therefore planned in accordance with the scheme in Figure 1. To 
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gain a sound comprehension of the phenomenon involving molten iron and refractory 
reactions, it is crucial to understand how the different oxides reacted individually with 
iron. 
 

molten iron-refractory

molten iron-Al2O3 molten iron-SiO2 

molten iron-mullite  
3⋅Al2O2⋅2⋅SiO2 

  
Figure 1. A schematic figure of the structure of the present study, the reactions between molten iron 

and different oxides 
 
An investigation of the reactions between pure liquid iron containing varying amounts 
of oxygen and alumina as well as silica was therefore carried out before mullite and 
industrial refractory substrate were investigated. The information obtained is intended 
to serve as a foundation for industrial refractory practice. 
 
Macro and micro scale experiments were designed to investigate the reactions 
between molten iron and solid oxides. The macro scale experiments gave a general 
idea of the reaction between molten and solid phase. In these experiments, dense rods 
of the oxides were dipped into molten iron containing varying amounts of oxygen. 
The reactions on micro scale were performed to investigate the surface reaction of 
molten iron on oxides. This was carried out through sessile-drop experiments, and the 
reactions were followed statically as well as dynamically. 
 
Investigations of the reaction between alumina-containing refractory and molten iron, 
on an atomic level were also carried out through Monte Carlo simulations. The 
refractory simulated consisted of varying amounts of alumina and graphite. The 
reaction rate was measured through carbon dissolution into the molten iron. The 
simulations were expected to give a deeper knowledge of refractory-molten metal 
reactions. 
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2. THEORETICAL ASPECTS 

 
2.1 Thermodynamic investigation of the systems 
 
To understand the stability of the phases formed during the above-discussed reactions, 
thermodynamic analyses of the different systems, Fe-O-Al, Fe-O-Si and Fe-O-Al-Si 
were carried out. Input data from literature for the systems were critically assessed 
and compared, the results of which are shown in Table I. The data were then used to 
construct a phase stability diagram. 
 
 
Table I. Comparison between different input data for Gibbs energy of formation for hercynit, fayalite 
and mullite respectively. 
 

Reference Gibbs energy of formation, ∆G° [J⋅mole-1] 

)(42)(2)(32)( 2/1 sgsl OFeAlOOAlFe =⋅++  

Barin4  ∆G°=-328,348+82.044⋅T 
Chan, Alcock and Jacob5 ∆G°=-306,248+76.316⋅T 
McLean and Ward6 ∆G°=-267,399+52.467⋅T 
Richardson, Jeffes and Withers7 ∆G°=-313,800+87.446⋅T 
Pillay, D´Entremont and Chipman8 ∆G°=-246,250+43.750⋅T* 
Thermocalc9 ∆G°=-309,954+75.683⋅T 

)(42)(22)(2 lsl SiOFeSiOOFe =++⋅  

Barin4 ∆G°=-518,959+116.82⋅T 
Knacke, Kubaschewski and Hasselmann10 ∆G°=-627,695+196.414⋅T 
Thermocalc9 ∆G°=-474,242+82.476⋅T 

)(232)(2)(32 2323 sss SiOOAlSiOOAl ⋅=⋅+⋅  

Barin4 ∆G°=18,779-26.953⋅T 
Turkdogan11 ∆G°=8,593-17.405⋅T 
Rein and Chipman12 ∆G°=-4,861-16.119⋅T* 
*Estimated from R. Yamanaka, S. Koyama and M. Iwase, Metall. Met. Trans. B, 1991, vol. 22B, pp. 
839 
 
As seen, there is a slight discrepancy between the reported values. For the sake of 
consistency only the values from Barin4 are used in the following calculations.  
 
 
2.1.1 Thermodynamic analysis of the Fe-O-Al system 
 
The phase diagram for the system FeO-Al2O3

13 shows the existence of one 
intermediate compound, viz. FeAl2O4 (hercynite). The reaction and its Gibbs energy 
of formation for solid hercynite4, are according to Equation 1: 
 

)(42)(2)(32)( 2
1

sgsl OFeAlOOAlFe =⋅++        (1) 

 
TG ⋅+−=∆ 044.82348,3280

1    J⋅mole-1  [T range 1809 K and above]  
 
The activities of alumina, iron and hercynite are assumed to be 1 and the interactions 
from dissolved aluminium and oxygen are neglected. From the values, a phase 
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stability diagram was constructed with temperature as a function of partial pressure of 
oxygen in the system Fe-O-Al. The diagram is presented in Figure 2: 
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Te
m

pe
ra

tu
re

 [K
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Figure 2. The phase stability diagram for the system Fe-O-Al. Mutual solubility between Al2O3 and 

FeAl2O4 is not considered 
 
At slightly higher oxygen levels, solid FeAl2O4 will exist up to approximately 2053 
K, thereby implying that, under suitable conditions, FeAl2O4 is likely to form. The 
present analysis does not consider any possible solid solution formation between 
Al2O3 and FeAl2O4.  
 
 
2.1.2 Thermodynamic analysis of the Fe-O-Si system 
 
In the case of silica, as the substrate comes in contact with liquid iron containing 
oxygen, the calculations show that two silicates are likely to form in the system, i.e. 
orthosilicate and metasilicate. For orthosilicate (fayalite), the reaction, and its Gibbs 
energy of formation, are as follows: 
 

)(42)(22)(2 lsl SiOFeSiOOFe =++⋅       (2) 
 

T82.161518,959 -0
2 ⋅+=∆G    J⋅mole-1 [T range 1490- 1700 K] 

 
The corresponding value for formation of metasilicate is 
 

)(32)(2)( )(21 sgl FeSiOsSiOOFe =++       (3) 
 

T32.123352,361 0
3 ⋅+−=∆G    J⋅mole-1 [T range up to 1400 K] 

 
In the calculations, activities of silica, iron and fayalite are assumed to be 1 and the 
interactions from dissolved silicon and oxygen are neglected. At steelmaking 
temperatures, only the orthosilicate (fayalite) in liquid form will be the stable phase. 
However, as the system is cooled down, metasilicate can precipitate. The Gibbs 
energy of formation for fayalite, extrapolated from the reported values by Barin4 was 
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used to construct a phase stability diagram for the system. The diagram is presented in 
Figure 3: 
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Figure 3. Phase stability diagram constructed for the system Fe-O-Si with extrapoleted data from 

Barin4. Mutual souluility between SiO2 and Fe2SiO4 has not been considered. 
 
The constructed phase stability diagram shows that Fe2SiO4 will form if the oxygen 
partial pressure in the gas exceeds 3⋅10-4 Pa at 1850 K. This is likely to happen during 
certain steelmaking steps where the oxygen potential in the slag is high. 
 
In reality, the reactions will occur through oxygen dissolved in molten iron. The 
reaction for fayalite formation and the Gibbs energy of formation would be: 
 

)(42)(2)()( 22 lsFel SiOFeSiOOFe =+⋅+⋅      (4) 
 

T59.221284,655 -0
4 ⋅+=∆G    J⋅mole-1 [T range up to 1700 K] 

 
Correspondingly, for metasilicate formation: 
 

)(3)(2)()( ssFel FeSiOSiOOFe =++       (5) 
 

T126.21235,209 0
5 ⋅+−=∆G    J⋅mole-1 [T range up to 1400 K] 

 
 
2.1.3 Thermodynamic analysis of the Fe-O-Al-Si system 
 
In the aluminosilicate (mullite) case, the phase stability diagram was constructed for 
the quaternary system Fe-Al-Si-O and is presented in Figure 4. The reactions involved 
in the stability diagram calculations are: 
 

)(2)(3)(232/3)(3 2422322 sSiOsOFeAlsSiOOAlOlFe +=⋅++    (6) 
 

)(2)(3)(232/7)(7 42422322 lSiOFesOFeAlsSiOOAlOlFe +=⋅++    (7) 
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Figure 4. Phase stability diagram for the system Fe-O-Al-Si. Mutual solubility between compounds has 

not been considered. 
 
At 1850 K and very low oxygen partial pressures in the gas, i.e. approximately 2⋅10-5 
Pa, mullite will be stable in contact with Fe. At slightly higher oxygen content in the 
gas, i.e. 4⋅10-5 Pa at the same temperature, mullite reacts with the oxygen-containing 
iron to form hercynite and SiO2 both in solid state. The diagram also shows that 
fayalite, Fe2SiO4 will form along with hercynite, if the oxygen content in the gas 
exceeded 1⋅10-4 Pa at 1850 K. The above phase stability analysis does not consider 
possible solid solution formation between mullite and FeAl2O4 or solutions between 
fayalite and hercynite. 
 
In reality, complications arise in the quaternary system due to the dissolution of 
hercynite and mullite in the formed liquid fayalite. This leads to the formation of a 
ternary FeO-Al2O3-SiO2 slag, which will change its composition with the progress of 
the dissolution reaction, in accordance with the phase diagram14 presented in Figure 5.  

 
 

Figure 5. Phase diagram of the system FeO-Al2O3-SiO2. The arrow points out the final slag 
composition in iron-oxygen-mullite system. 
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Furthermore, as the slag cools down, phases stable at lower temperatures (for example 
FeSiO3) can precipitate. Note that the formation and composition of this slag is not 
only dependent on the thermodynamic factors, but also on the kinetics of the reaction 
together with the mass-transfer aspects involved.  
 
 
2.2 Surface reactions 
 
The surface tension of a metal drop can be described as the work per unit area of 
interface associated with splitting a liquid so that the surface molecules loose half of 
their neighbouring molecules15. The equilibrium drop shape is spherical. A drop in 
contact with either a solid or a liquid substrate will assume the shape associated with 
lowest possible Gibbs energy of the system. In Figure 6, a schematic figure of the 
forces acting on a liquid drop placed over a solid substrate is presented.  
 

sgγ
slγ θ

 solid

lgγ
liquid

gas

 
Figure 6. A schematic figure of the forces acting on a liquid drop on solid substrate 

 
γ in the figure is the surface- or interfacial tension and θ is the contact angle in the 
liquid phase. For a plane and homogenous surface, the force balance involved gives 
the equation: 
 

slsg γγθγ −=⋅ coslg       (8) 
 
The surface tension of a solvent can be reduced in the presence of solutes that 
preferentially adsorb at the surface. Such solutes reduce the surface energy of the 
solvent and are named “surface active” elements.  
 
Wenzel16,17 investigated the effect of surface roughness on contact angle. For a rough 
surface, there are two areas to consider, the apparent area A′ , corresponding to the 
macroscopic dimensions of the plane and the true area , which is the area taking 
into account the peaks and valleys of the surface. Wenzel defined a relation between 
the contact angle for a smooth surface and a rough surface as: 

A

 
SR r θθ coscos ⋅=       (9) 

 
Where the subscripts R and S stand for Rough and Smooth, respectively, and r is: 
 

A
Ar
′

=         (10) 
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Wenzel´s relation shows that for a wetting system, i.e. , the contact angle 
between a liquid and a substrate will decrease with increasing roughness. For a non-
wetting area, , the contact angle will increase with increasing roughness. 

090<θ

090>θ
 
However, Ogino et al.18 found that the difference in contact angles for smooth and 
rough surfaces was not pronounced for limited surface roughness, and could thus be 
neglected. In the present work, rough areas are assumed to be within these limits and 
the contact angle for the rough surface is thus assumed to be the same as for a smooth 
area. 
 
The dynamic change in contact angle has been investigated earlier19,20,21. 
Kozakevitch19 saw that the increase in mass transfer during desulphurisation of iron 
was accompanied by a rapid decrease in slag-metal interfacial tension. Gaye et al. 20 
made similar observations. Their work also indicated that when the mass transfer 
decreased, the interfacial tension increased and reached its initial value. Jakobsson et 
al.21 saw a similar behaviour in the study of dephosphorization of iron in slag. When 
the dephosphorisation reaction took place, the interfacial tension and, consequently, 
the contact angle decreased. At the end of the dephosphorization, the interfacial 
tension was the same as before the reaction started. 
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3. EXPERIMENTAL METHODS 

 
In the present work, two experimental methods were employed to investigate the 
reactions involving alumina, silica and mullite in macro- and micro scales. 
 
 
3.1 Rod experiments 
 
In the macro scale experiments, the reaction between molten iron bath and the 
particular oxides (i.e. alumina, silica or mullite) were studied by dipping a dense rod 
of the oxide into the molten metal, which was kept in an argon atmosphere. The metal 
contained a well-defined amount of dissolved oxygen, introduced into the system by 
adding “FeO” pellets into the melt. The experimental details and the procedure 
adopted are presented in Supplement 1. 
 
The experiments were carried out at 1873 K with oxygen levels in molten iron 
corresponding to 5, 1.9 and 0.2 wt%. While 0.2 wt% oxygen in molten iron marks the 
saturation solubility of oxygen at the experimental temperature, the higher oxygen 
levels correspond to formation of “free” “FeO” in the melt. The oxygen levels were 
chosen to give an understanding of the corrosion mechanism when steel containing 
dispersed slag is reacting with refractory. Another purpose to keep the high oxygen 
content was to shorten the measurement time since longer treatments sometimes 
resulted in difficulties in keeping an inert atmosphere. The experiments were 
conducted over definite time intervals after which the samples were rapidly cooled. 
Cross sections of the rods were examined with optical microscopy and through 
Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) 
analyses. 
 
 
3.2 Sessile-drop experiments 
 
The second type of experiments was conducted to investigate the reaction on a micro 
scale. For this purpose, the sessile-drop method was used for monitoring the contact 
angles between molten iron and the oxide substrate at different temperatures. The 
changes in contact angle with time and  were also investigated. These dynamic 
measurements were expected to provide useful information as to the reaction 
mechanism at micro level. The experiments were conducted, with continuously 
changing conditions. The surface tension of the iron drop on the substrates could 
therefore not be obtained and the change in contact angle was calculated instead.  

2OP

 
The reaction sequence was followed through an image-recording device. The 
apparatus used and the experimental procedures are presented in Supplement 2 to 4. 
The oxides investigated in the present work were alumina (Supplement 2), silica 
(Supplement 3) and mullite (Supplement 4). Experiments were also carried out on 
industrial refractory (Supplement 6). 
 
The experiments took place in purified argon gas as well as in mixtures of CO, CO2 
and Ar gases. To purify the gases, gas-cleaning systems were used. A schematic 
figure of the gas cleaning systems is shown in Figure 7.  
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ACuS MCO

S MCO2 

flow meter

flow meter

S A flow meter

Gas mixing
chamber

To the furnace

CuM MgAr

S: Silica gel  A: Ascarite M: Magnesium perchlorate 
Cu: Copper turnings (823 K)  Mg: Magnesium chips (773 K) 

 
Figure 7. A schematic figure of the gas-cleaning systems used in the present work. 

 
The moisture in the gas was removed by passing it through columns of silica gel as 
well as Mg(ClO4)2. CO2 was absorbed by ascarite and traces of oxygen were removed 
by passing the gas through copper turnings at 823 K and through magnesium chips at 
773 K. The gas was then led to a gas-mixing chamber. An oxygen probe was set at the 
outlet of the furnace to monitor the partial pressure of oxygen in the gas. For purified 
argon, the oxygen probe confirmed an oxygen partial pressure  Pa.  1310−<
 
The gases were led to a gas-mixing chamber, where the purified argon gas was mixed 
with CO and CO2 in order to get the required oxygen partial pressures used in this 
work. The partial pressures of oxygen obtained with the gas mixtures were 

 Pa,  Pa and  Pa as calculated by 
Thermocalc
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2

−⋅=OP 2105.1
2

−⋅=OP
9. 
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4. RESULTS 

 
4.1 Rod experiments 
 
The rod experiments were carried out to give information about reaction between 
lining material and molten iron on a macroscopic scale. The oxide rods were kept in 
an iron bath containing 0.2, 1.9 and 5 wt % oxygen for different time intervals. 
 
When the oxygen content was above the solubility limit of oxygen in molten iron, i.e. 
in the cases of 1.9 and 5 wt% oxygen, examination of the crucibles with solidified 
iron was carried out after the experiments. There were no indications that iron oxide 
(“FeO”) phase separated. The iron oxide can thus be considered completely 
distributed in the iron matrix. This was also confirmed by the fact that there was no 
preferential corrosion observed at the refractory-metal-gas interface, as floating iron 
oxide would preferentially attack the refractory. 
 
After rapid cooling, the rods were examined through SEM/EDS analysis. In most of 
the experiments, an intermediate layer was observed on the samples. The uniform 
thickness of the layer all around the rod indicated that the reaction was topochemical. 
The layer thickness was found to increase with increasing oxygen levels in the melt 
and with increasing treatment times. This is indicative of the prevalence of diffusion 
mechanism for the layer formation. The product layer seemed to have non-wetting 
characteristics as no metal was found to be sticking to the rods once the layer had 
been formed.  
 
In Figure 8, the micrograph of the cross section of the alumina rod treated in 5 wt% 
oxygen for 2 h is presented. Two different layers are clearly seen. 

 
 

Figure 8. Micrograph of the alumina rod treated in 5 wt% oxygen for 2 h 

 
The dark grey part corresponds to the alumina rod. The EDS analysis confirmed that 
this was pure Al2O3. The light grey layer in Figure 8 corresponds to the reaction 
product that was formed on the surface of the alumina rod. The thickness of the layer 
was approximately 80 µm. In the experiments with 1.9 wt% oxygen, the product layer 
formed was much thinner and uneven. In the case of iron with 0.2 wt% oxygen, no 
product layer was observed.  
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A concentration profile of the product layer formed in Figure 8 was constructed, 
showing the concentrations of Al3+ and Fe2+ from EDS measurements. This is 
presented in Figure 9. 
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Figure 9. Concentration profile of Al and Fe from EDS measurement for 5 wt% O and 2 h 
 
In the concentration profile, formation of a FeAl2O4 layer is evident. The ratio 
Al3+/Fe2+ shows a slight variation from the expected value of 2 for the compound 
FeAl2O4 indicating that the reaction product may not be stoichiometric. 
 
In the case of silica, the examination of the silica rod showed that the rod was very 
close to melting and completely deformed. The EDS analysis in the rod did not 
indicate the presence of any product layer. 
 
In the case of mullite, no results could be obtained due to experimental difficulties. 
The mullite rods were very brittle and disintegrated during the experiments.  
 
 
4.2 Sessile-drop experiments 
 
The sessile-drop experiments were performed in the temperature range of 1823 K to 
1873 K. The experiments were carried out both in purified argon as well as in CO-
CO2-Ar gas mixtures.  
 
 
4.2.1 Iron on alumina substrate 
 
For the experiments with iron on alumina plate, one experimental series was carried 
out in pure argon in the above-mentioned temperature range. Similar experiments 
have earlier been carried out by Jakobsson et al22, Jimbo and Cramb23, Kasama et al24, 
Allen and Kingery25 and Humenik and Kingery26. The contact angles measured in the 
present work were compared with those reported earlier for pure iron and alumina 
substrate and the results are presented in Figure 10.  
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Figure 10. The variation of contact angle between liquid iron and alumina substrate with temperature at 
oxygen potentials less than 10-13 Pa in the gas. 

 
The general trend observed was that the contact angle values were nearly constant 
with respect to temperature. It is also seen that the values reported in this work are 
slightly higher than those obtained by other research groups. This is believed to be 
due to the extreme precaution taken in cleaning the argon gas in the present work. 
Through repeated analysis of the X-ray images, an error of the reported values was 
estimated to lie within . o4±
 
The dynamic measurements of contact angles were carried out to monitor the change 
of contact angle as a function of time. The oxygen partial pressures imposed on the 
system were  Pa and  Pa. The X-ray images for the 

experiment at 1823 K and oxygen partial pressure of  Pa are shown in Figure 
11. It is to be noted that the gas mixture was imposed onto the system at 0 second. 

4109.9
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−⋅=OP 3100.3
2
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3100.3 −⋅

 
Figure 11. X-ray images from the sessile-drop experiment with molten iron on alumina substrate at 

1823 K at different time intervals. The oxygen partial pressure of 3.0⋅10-3 Pa was imposed at zero time. 
 

A sharp decrease in the contact angle is observed as oxygen is introduced into the 
system. Other research groups22-26,27,28,29,30 have made similar observations. A peculiar 
observation in the present work was that after the contact angle reached the minimum 
value, it started increasing again and the drop started moving laterally. 
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Cross sections of the used alumina crucible bottoms and the drops of iron from the 
experiments at 1823 K were subjected to microscopic as well as SEM analyses. In 
both cases, a product layer was identified between the alumina substrate and the iron 
drop. The photomicrographs of the cross sections of the alumina substrate under the 
experiments with  and are shown in Figure 12 (a) and (b) 
respectively. 
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Figure 12 (a) and (b). Photomicrographs of the alumina substrate after the sessile-drop experiments at 

1823 K and oxygen partial pressure of Pa and Pa, respectively. 3100.3
2

−⋅=OP 4109.9
2
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The micrograph from the experiment with  Pa shows an average layer 
thickness of approximately 80 µm and in the micrograph corresponding to an oxygen 
partial pressure of  Pa, the average product layer thickness is 
approximately 30 µm. This suggests that the penetration of the reaction product on the 
substrate was a function of the oxygen content of the metal, with the layer thickness 
increasing with increasing oxygen level. This is in agreement with the observations in 
the case of the alumina rod experiments. 

3100.3
2

−⋅=OP

4109.9
2

−⋅=OP

 
EDS analysis of the product layers revealed that the layer had the following 
composition: 16 atom % Fe, 27 atom % Al and 57 atom % O. This would nearly 
correspond to the compound FeAl2O4, which is well in accordance with the 
thermodynamic analysis, which showed that at 1823 K hercynite would start forming 
at  Pa.  5101

2

−⋅>OP
 
 
4.2.2 Iron on silica substrate 
 
In the case of iron on silica in purified argon gas, the contact angles were not found to 
change significantly with temperature, within the experimental temperature range and 
within the limits of the experimental errors. This behaviour is similar to the behaviour 
of iron on alumina substrate. However, in the present case, there were some 
difficulties in the measurements of the contact angles of the iron drops. At the 
experimental temperatures, the silica substrate was getting softened and the drop 
subsided slightly into the substrate. This was particularly serious at 1833 K. The error 
in the contact angle measurements, estimated from repeated analyses of the X-ray 
images was ± 2° at 1813 and 1823 K while it was higher at 1833 K, viz. ± 4°. 
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In the second series of experiments, the measurements were carried out at an oxygen 
partial pressure of 1 Pa at 1823 and 1833 K. The X-ray images of the drops 
showing the change of drop shape with time at 1833 K are presented in Figure 13. 
The drop flattens as the atmosphere is changed to the gas mixture with higher oxygen 
partial pressure, thereby confirming that the contact angle decreases due to the 
introduction of the surface-active oxygen.  

2105. −⋅

 
Figure 13. X-ray images of the sessile-drop experiment with molten iron on silica substrate at 1833 K 

at different time intervals. The oxygen partial pressure of 1 Pa was imposed at zero time. 2105. −⋅
 
Interestingly, the contact angle exhibits a tendency to increase after reaching a 
minimum point, which is clearly seen in the images in Figure 13. This is similar to the 
observations in the case of alumina substrate. At the end of the experiments, an ocular 
examination of the substrate and the drop revealed a thick layer of a slag phase at the 
base of the drop, surrounding it.  
 
The X-ray images of the iron drops in the experiment at 1823 K and  Pa 
were similar to those obtained at 1833 K except that the decrease in the contact angle 
was not as pronounced. Similar to the alumina experiments, the drop started moving 
laterally just as the contact angle crossed the minimum value. Examination of the spot 
originally occupied by the drop revealed the formation of a small circular groove 
corresponding to the periphery of the drop in its initial position. The phenomenon is 
shown schematically in Figure 14. The slag layer formed at the drop-substrate 
interface was not as pronounced as in the earlier case. 
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Figure 14. A schematic drawing of the silica substrate showing the groove formed at the periphery of 

the iron drop in its initial position. 
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The SEM micrograph of the iron drop and the substrate, after the experiment at 1833 
K is presented in Figure 15. The insert in the figure shows the location of the field of 
vision vis-à-vis the iron drop. The low contact angle between the drop and the 
substrate is quite evident in the figure. As mentioned earlier, a thick product layer is 
found to form around the drop. This evidently is the fayalite slag formed by reaction 
4. 

 
Figure 15. Photomicrograph of a section of the reacted drop and the silica substrate after the sessile-

drop experiments at 1833 and oxygen partial pressure, P Pa 2105.1
2

−⋅=O

 
The atomic ratio of iron to silicon obtained by EDS analysis was close to 2, 
confirming the above observation. Higher magnification of Figure 15 clearly revealed 
the formation of dendrites to the right of the drop. These were found to be pure SiO2. 
The SEM micrographs of the drops at other oxygen partial pressures and temperatures 
were found to be similar. 
 
 
4.2.3 Iron on mullite substrate 
 
The contact angle measurements of pure iron on mullite were carried out at 1823 and 
1833 K for the same partial pressures of oxygen as before. For these experiments, an 
optical sessile-drop unit, available at the University of New South Wales, Australia 
was employed. The experimental details are presented in Supplement 4. 
 
Figure 16 shows the optical images of an iron drop at different time intervals. These 
images are from the experimental series with  at 1823 K. As in the 
previous experiments, the gas mixture was introduced into the system at 0 second. 
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Figure 16. Optical images from the sessile-drop experiment with iron on mullite substrate at 1823 K. 

The  Pa was imposed at zero time. 3100.3
2

−⋅=OP
 
Similar to the observations made in the experimental work with alumina and silica, 
the contact angle between the drop and the substrate decreases as the surface-active 
oxygen reached the metal. At the end of the experiments, the samples were quenched 
and the images from the run were analysed. Through repeated analysis of the images, 
the error in the contact angle measurement was estimated to be ± 6°. 
 
After each experiment, the slag layer observed at the slag/substrate interface was 
examined in SEM. EDS analysis were carried out to determine the elements present. 
A micrograph from the SEM analysis for the experimental run at 1823 K and 

Pa is shown in Figure 17.  2105.1
2

−⋅=OP

 
Figure 17. Photomicrograph of a section of the reacted drop and the mullite substrate after the sessile-

drop experiments at 1823 K and oxygen partial pressure, Pa. 2105.1
2

−⋅=OP

 
The insert in Figure 16 shows the location of the field of vision vis-à-vis the iron 
drop. It is seen that the iron drop has reacted with the substrate and has also sunk into 
it. A slag layer entrapped in the metal drop was observed and in this slag, small 
particles could be distinguished.  
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EDS mapping of the slag, Figure 18, shows that it consists of varying amounts of 
aluminium, silicon, iron and oxygen. The large particles in the slag were found to be 
alumina and in the periphery of these particles, there was a layer of hercynite.  
 

 
Figure 18. EDS mapping of the slag formed during reaction between mullite substrate and molten iron 

containing oxygen 
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5. INDUSTRIAL REFRACTORY MATERIAL 

 
In order to investigate the reaction with industrial aluminosilicate refractory material, 
sessile-drop experiments with industrial refractory substrate and pure iron as well as 
steel were carried out. The experimental procedure and the composition of the 
materials used are presented in Supplement 6. In the case of pure iron on refractory, 
the experimental work was carried out at 1873 K in an argon atmosphere and images 
from the experiment at two different time intervals are presented in Figure 19.  

    
    60 sec 120 sec

 
Figure 19. Images from the experiment with iron on industrial refractory in Ar atmosphere at different 

time intervals. 
 
As seen, the contact angle does not vary much with time. The contact angle was 
calculated to be 111° at 1 min and 109° at 2 min. 
 
For the experiments conducted with refractory and steel (steel grade ORVAR 2M, Fe-
0.37C-1.05Si-5.15Cr), the results were similar to the results for pure iron. The change 
in contact angle with time was not very pronounced as seen in Figure 20: 
 

 
 

Figure 20. Images from the experiment with steel on industry refractory in Ar atmosphere at different 
time intervals. 

 
The contact angles for this series were found to be approximately 106° and did not 
change much with time. 
 
Experiments were also carried out on an industrial scale. Samples were taken at the 
Uddeholm Tooling AB steel plant in Hagfors, Sweden. Details from the trials are 
presented in Supplement 6. Samples were taken from the ingot at different time 
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intervals. The samples were then analysed trough optical microscope and SEM/EDS 
analysis to see if a reaction product could be distinguished in the steel matrix. The 
analysis showed that no non-metallic particles were present. 
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6. MONTE CARLO SIMULATIONS 

 
In the present work Monte Carlo simulations were carried out to understand the nature 
of alumina reaction at an atomic level. The main focus of the study was to investigate 
the interfacial phenomenon between graphite-alumina/ liquid iron. The system was 
chosen since simulations on the Fe-C-S system and carbon dissolution have been 
carried out earlier31,32,33 and a good understanding of the dissolution process has been 
obtained. It was felt that an extension of this work towards alumina-containing 
refractories would throw new light on the reaction mechanism. In this work, the 
interactions of alumina in refractory material and its effect on carbon dissolution have 
been carried out. 
 
 
6.1 Theoretical model 
 
Two identical large blocks representing alumina-graphite refractory and molten iron 
were placed in contact with each other. This is schematically presented in Figure 21. 

 
Figure 21. Schematic figure of the simulation arrangements 

 
The alumina-graphite block consisted of randomly distributed alumina and graphite 
atoms. Molecular alumina was set as a unified group and occupied a single site. All 
sites on the block representing molten iron, were occupied by iron atoms.  
 
In the present simulations, the basal plane of the refractory block was placed in 
contact with iron as this plane has significantly more resistance to the interfacial 
reactions than the prismatic plane. The interactions between the atoms were assumed 
to be pair-wise as well as short-ranged and were restricted to the nearest neighbours. 
C-C bonding was assumed to be attractive as graphite is solid at the temperatures of 
interests. Al2O3-Fe bonding was assumed to be repulsive due to its non-wetting nature 
while Al2O3-Al2O3 and Al2O3-C bonding were also assumed to be attractive. The 
theoretical details and assumptions of the simulations and the Monte Carlo Algorithm 
are presented in Supplement 5. 
 
 
6.2 Results 
 
Various process conditions such as alumina-graphite bonding strength, melt 
turbulence and wetting effect on carbon dissolution were investigated in the present 
work. 
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Different levels of bond strengths between alumina and graphite were used to 
simulate the possible effect various bonding agents might have on the refractory 
stability. In Figure 22, the equilibrium carbon concentration in the melt has been 
plotted as a function of the alumina-carbon bond strength. 
 

 
Figure 22. Effect of the alumina-graphite bond strength 

 
The bond strength of the alumina-graphite bonding increases with decreasing number 
on the X-axis. For refractory containing 80% C, the change in carbon dissolution is 
negligible. For the refractory with 30% C, however, there is a significant reduction in 
the carbon dissolution when the bond strength is increased. An explanation for this 
could be the dominating C-C bonding for the higher carbon refractory, making the 
change in alumina-graphite bonding less significant. 
 
As the wetting of iron on refractory is a factor that has an impact on the reaction rate, 
an attempt was made to incorporate the wetting behaviour in the present simulation. 
This was done by reversing the nature of the Fe-C interactions at the top surface of the 
solid in contact with the metal. In Figure 23, the results from these simulations are 
presented.  

 
Figure 23. Effect of wetting behaviour on carbon dissolution 

 
There are two sets presented in the graph; set A, which is the simulation without the 
wetting behaviour and set B, simulation with the wetting behaviour incorporated. It is 
seen that wetting is an important factor in considerably reducing the carbon 
dissolution from the alumina-graphite refractory.  
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7. DISCUSSION 

 
In the alumina rod experiments, the thickness of the product layer was almost 
insignificant during the experiments where the dissolved oxygen level in the metal 
corresponded to the saturation solubility (0.2 wt% O) and almost no “free” “FeO” was 
present. On the other hand, at higher oxygen levels (with 1.9 wt % and 5 wt% oxygen 
in the melt), when the melt is expected to be in the Fe-“FeO” two-phase region, the 
corresponding corrosion reaction appears to be intense. This is in agreement with 
earlier observations1,2,34, with respect to the corrosive effect of “FeO” in the slag on 
the chemical attack on refractories. 
 
The thickness of the product layer at higher oxygen levels in the melt was found to 
increase with increasing reaction times as well as with increasing oxygen contents. 
The formation of the reaction layer was found to be diffusion controlled and under 
static conditions, the reaction between molten iron and dense alumina refractory was 
found to be topochemical, which is in conformity with the diffusion mechanism. In 
view of the few experimental points, an extensive kinetic analysis was not possible 
from the present results. 
 
According to the FeO-Al2O3 phase diagram, FeO is likely to react with alumina and 
form hercynite. The photomicrographs of the cross sections of the reacted alumina 
rods clearly show that a product layer was formed and that it strongly adhered to the 
alumina rod. According to the phase diagram, these two phases would be in 
equilibrium with each other and there is a slight solubility of FeAl2O4 in alumina, 
which could be an explanation of the strong adhesion of the layer to the substrate. 
 
The layer formation, along with the non-wetting conditions afterwards, that was 
observed in these experiments, is in conformity with the observations of Landefeld35. 
This would suggest that an effective way of protecting alumina–based refractories 
could be by forming a chemically non-wetting, adherent, product-layer on the 
refractory. 
 
The contact angle behaviour of liquid iron drop on alumina substrate obtained by the 
sessile-drop experiments could give some indication of the formation mechanism of 
hercynite. The change in contact angle with time at 1823 K and P  Pa is 
presented in Figure 24.  
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When the gas mixture is imposed onto the system, there is an initial decrease in 
contact angle, which is likely to be due to the adsorption of oxygen on the surface of 
the metal drop. As the surface concentration of oxygen becomes high, diffusion of 
oxygen from surface to bulk becomes significant. Due to this, the surface 
concentration of oxygen cannot increase fast. Consequently, this leads to slow 
decrease of contact angle, and a pseudo steady state. Finally, when the droplet 
becomes saturated with oxygen corresponding to the  imposed, it attains the 
equilibrium contact angle. The rapid decrease of contact angle after this point is 
probably due to change of dynamic contact angle to its equilibrium value. At this 
point there should be enough oxygen in the metal to form hercynite and the conditions 
change from wetting to non-wetting. This causes an imbalance in the forces acting on 

2OP
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the drop and the drop starts to move laterally. This phenomenon was clearly seen in 
the experimental work. 
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Figure 24. The change in contact angle with time for alumina at 1823 K and  Pa 3100.3
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From the video images from the experiment at 1823 K and  Pa, the force 
for the movement of the drop was estimated to be approximately 1⋅10

3100.3
2

−⋅=OP
-6 N. This was 

found to be somewhat constant for a number of sequences except at the last stages, 
before the iron drop disappears out of the camera sight. 
 
The SEM-EDS analysis of the substrate in the present study shows that the 
composition of the product layers in Figures 12 (a) and (b) corresponds approximately 
to FeAl2O4. In view of the limited mutual solubility of hercynite and alumina, it can 
be surmised that the downward diffusion of FeAl2O4 through the Al2O3 substrate may 
be slow. In this case, the reaction gets stagnant and the contact surface would be 
covered completely by FeAl2O4 product layer. 
 
The experimental work on silica substrate showed the same tendency in contact angle 
change as in the case of alumina. In this case, a reaction product starts to form when 
the drop reaches the equilibrium oxygen content with respect to the gas phase. At this 
point there would be enough oxygen in the system for fayalite slag to form. There is a 
likelihood of a thin fayalite layer formation between the substrate and the drop, which 
would arrest the reaction. At this stage, the contact angle measured would most 
probably be between the iron drop with oxygen potential equal to that of the gas phase 
and the thin slag film on the silica substrate. 
 
Beyond this point, the contact angle showed a tendency to increase. This is also quite 
similar to the behaviour of the iron drop on the alumina surface. On the other hand, 
this increase could be measured in the case of the silica substrate as the drop was 
getting anchored to the substrate by the slag phase accumulated around it. This is 
clearly seen in Figure 25, which shows the change f contact angle of the iron drop on 
the silica substrate with time at 1833 K and Pa. The increase in the 
contact angle was accompanied by the tendency of the drop to move from its original 
position. This behaviour is quite analogous to the observations with the alumina 
substrate. 
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Figure 25. The change in contact angle with time for silica at T=1833 for Pa. 2105.1
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In some of the experiments, there was a preferential corrosion observed along the 
periphery of the drop. This may be caused by the formation and evaporation of SiO, 
either due to direct decomposition of SiO2 substrate at the low oxygen potentials 
prevailing in the gas phase or by the reaction between silicon dissolved in the liquid 
metal and SiO2 substrate. Both the reactions would lead to the formation of SiO gas. 
These reactions would get dampened as the slag layer was formed around the bottom 
of the metal drop. Another plausible explanation is that the erosion is caused by 
Marangoni flow in the melt induced by differential surface tension due to 
concentration gradients. 
 
Analysis of the images from the sessile-drop experiments with iron on mullite 
substrate showed that the contact angle in purified argon atmosphere was 128°, which 
is slightly lower that the contact angles obtained for alumina and silica. The change in 
contact angle with time for mullite and  Pa at 1823 and 1873 K is 
presented in Figure 26. 
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Figure 26. The change in contact angle with time for mullite P  at 1823 and 1873 K. 2105.1
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It is seen that, similar to alumina and silica, there is a decrease in the contact angle 
when oxygen is introduced into the system and for the higher temperature, it 
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continues to decrease. For the lower temperature the contact angle seems to be 
stabilized for a while, but even in this experimental series, the contact angle decreased 
after some time. 
 
The slag formed during the reaction between mullite and molten iron would be 
different from the silica system. The thermodynamic analysis shows that when mullite 
and iron containing some amounts of oxygen start reacting, fayalite and hercynite will 
be formed. According to the ternary phase diagram presented in Figure 5, the mullite, 
fayalite and hercynite will start to dissolve into each other and form a ternary slag. At 
the experimental temperature, the ternary slag would consist of FeO-Al2O3-SiO2, the 
final composition being marked with an arrow in Figure 5. This slag will be in 
equilibrium with mullite and corundum. This is in agreement with the results of the 
SEM-EDS analyses. However, due to the kinetics of the reactions, there could still be 
particles of iron cordierite and hercynite as the reactions may not reach equilibrium. 
The composition of the slag would also change during cooling and low temperature 
phases could precipitate. This makes the interpretation of the results from the EDS 
analysis of the slag very complicated and difficult.  
 
The experimental work on mullite also showed that other factors, besides the 
composition of the substrate, would have an impact on the reaction mechanism. 
Factors like inhomogeneity, surface roughness and amounts of pores may also be of 
importance. The analysis of the porous mullite substrate revealed that, along with the 
surface reaction with the substrate, reactions were taking place downwards into the 
substrate, which could escalate the slag formation and corrosion of refractories. 
 
In the work on pure iron on industrial refractory, the results showed that the contact 
angle did not change much with time. This is expected, as the oxygen content in the 
atmosphere is low, which is similar to the conditions prevailing at the metal-refractory 
interface during casting. The contact angle was found to be approximately 110°, 
which is lower than the values for alumina, silica and mullite in purified argon. One 
obvious reason is that the partial pressure of oxygen is lower in the purified argon gas 
compared to the un-treated gas. The other reason could be that less stable oxides 
present can dissolve into the molten iron and thus increase the oxygen content in the 
melt. However, the reactions were found to be very slow as the change in contact 
angle did not vary much with time. Similar observations were made for the 
experiments with industry refractory and steel. The contact angle was somewhat 
constant around 106° during the time interval of 3-1200 seconds. The slow reaction 
was also confirmed in the industrial trials that were carried out in this work. The 
samples from the outlet of the ingots showed that no reaction product had been 
formed. 
 
The Monte Carlo simulations in the present work showed that the bond strength 
between the different compounds in the refractory would play a significant role in the 
reaction rate, which in the present case is equal to the carbon dissolution. When the 
alumina-graphite bond strength increased, the dissolution of graphite decreased. This 
was more profound in the refractory containing higher amount of alumina as this 
would consist of more alumina-graphite bonding. The wettability of the substrate is 
also of importance for the reaction rate according to the simulations. 
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The present work is of great importance for the steel industry, especially for the steel 
plants targeting at the production of clean steel. The results show that the composition 
of the refractory plays a great role in corrosion of the furnace linings resulting in slag 
formation, which, in turn, can result in the formation of non-metallic inclusion in the 
steel matrix. The present work shows that silica, even though chemically bonded 
strongly in mullite, reacts with molten iron that contains some amounts of oxygen and 
forms a slag. The formation of a thin, dense, non-wetting hercynite layer between 
molten iron containing oxygen and alumina substrates shows a protective influence of 
the presence of higher alumina contents in the lining material, leading to less reaction 
with steel and thereby resulting in fewer non-metallic inclusions. A distinct possibility 
to increase the life of the furnace linings is to coat them with a non-wetting layer, for 
example, hercynite. This layer would act as a barrier between the refractory and the 
metal and it would prevent further reactions with the refractory. Of course, the 
economic gain in clean steel with these changes should be compared to the higher cost 
of refractory production. 
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8. CONCLUSIONS 

 
The reaction between liquid iron containing oxygen and oxides were investigated 
through “rod” experiments as well as through sessile-drop experiments. In the latter, 
the oxygen in the melt was controlled by imposing an oxygen partial pressure in the 
gas phase above the drop using a suitable mixture of CO, CO2 and Ar gases. The 
sessile-drop images were followed both in the static as well as dynamic modes. 
 
In the case of alumina, the results showed the formation of a non-wetting product 
layer. Thermodynamic analysis of the Fe-O-Al system revealed that this layer should 
be FeAl2O4(s) under the prevailing experimental conditions. This was confirmed by 
EDS analysis of the layer. The thickness of the product layer was found to be a 
function of the reaction time and the oxygen content of the metal.  
 
In the case of silica and mullite refractories, the reactions resulted in the formation of 
a slag. With silica substrate, the slag was found to be fayalite ( . In the 
case of mullite, the slag phase formed contained alumina. The slag formation led to 
non-wetting conditions and the movement of the iron drop. Preferential corrosion of 
the silica refractory due to possible SiO evaporation or Marangoni convection was 
also observed in the present study. The factors influencing the corrosion of lining 
materials, apart from the chemical reactions, were oxygen content in the metal, 
porosity and surface roughness of the refractories. 

)2 2SiOFeO ⋅

 
Experiments with industrial refractories and steel as well as plant trials show that the 
contribution of runner refractories to the inclusion population of the final product is 
insignificant. 
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8. FUTURE WORK 

 
The mullite experiments showed that the surface and the porosity of the substrate 
would play a roll in the corrosion and erosion of the substrate. It would be interesting 
to investigate this further. The amount of roughness, the shape of the roughness as 
well as the amount of pores and their shape are some parameters that should be 
looked into. Further, the impact of alloying elements and impurities like sulphur on 
the contact angle should be investigated. 
 
In the future, if the possibility of Monte Carlo simulation of a molten phase can be 
developed, the formation of slags and dispersion of solid phases in the same could be 
investigated at an atomic level to get a complete understanding of the reactions 
occurring. 
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