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ABSTRACT 
In present thesis, the fundamental studies on the reaction between MgO based 
refractories and slag were undertaken for the development of a carbon-free 
bonding MgO lining material. Alumina was selected as a potential binder 
material. Due to MgO-Al2O3 chemical reaction, the developed refractory was 
bonded by MgOAl2O3 spinel phase. 
To begin with, an investigation of the dissolution process of dense MgO and 
MgOAl2O3 spinel in liquid slag was carried out. To obtain reliable 
information for dissolution study, a new experimental method was therefore 
developed. In this method, a cylinder was rotating centrally in a special 
designed container with a quatrefoil profile. This method also showed a good 
reliability in revealing the dissolution mechanism by quenching the whole 
reaction system. The experimental results showed that the dissolution 
process of MgO and spinel was controlled by both mass transfer and 
chemical reaction. It was found that the rapid dissolution of spinel was 
mainly because of its larger driving force. 
To improve the resistance against slag penetration, two aspects were studied 
to develop carbon-free MgO refractory. First, colloidal alumina was used and 
the effect of its addition into MgO matrix was investigated. The use of 
colloidal alumina was to form bonding products in the grain boundary of 
MgO. The results showed that the alumina addition greatly improved the 
resistance of MgO based refractory against slag penetration in comparison 
with the decarburized MgO-carbon refractory. It was found that the 
improvement of resistance was mainly related to the spinel-slag reaction 
products of CaO·Al2O3 and CaO·MgO·Al2O3 solid phases at the grain 
boundaries. Second, the effect of particle size distribution on the penetration 
resistance of MgO was investigated. The most profound improvement 
against the slag penetration was obtained by using a proper particle size 
distribution. The results highlighted the importance of considering the 
refractory structure.  
Experiments were undertaken to investigate the dissolution mechanism of 
different types of MgO based refractories in liquid slag. It was observed that 
the dissolution of spinel bonded MgO refractory was much slower than the 
decarburized MgO-carbon refractory. The primary dissolution in spinel 
bonded MgO refractory occurred at the slag-penetrated layer, and the 
removal of this layer by peeling off enhanced the dissolution rate rapidly. 
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1. INTRODUCTION 

Carbon bearing MgO (MgO-carbon) refractory is one of the mostly used 
lining materials in steelmaking. In spite of many advantages of carbon 
bonding, its highly vulnerable to oxidation by MgO brings along two major 
drawbacks.1 Shortening the service lifetime of the lining is one of the 
drawbacks. The other drawback is the formation of ladle glaze in the lining 
that leads to the generation of nonmetallic inclusions during the ladle 
treatment of steelmaking. As reported in many literatures,2-11 the above two 
negative aspects are originating from a porous layer in the lining mainly 
caused by decarburization. In a real ladle, the outer layer of MgO-carbon 
lining in contact with the melts is always decarburized due to the oxidation 
of carbon by MgO. The decarburized layer contains a lot of large open pores. 
Guo et al2-3 concluded that corrosion/dissolution between MgO-carbon 
refractory and slag mostly takes place at the decarburized layer of the lining. 
The resistance of MgO-carbon refractory to corrosion/dissolution will be 
reduced as long as the porous decarburized layer is formed in the lining. 
Besides, it has been commonly recognized that ladle glazes are one of the 
major sources of nonmetallic inclusions. A lot of efforts4-11 have been made 
to study the impact of lining-slag reactions on the formation of inclusions. 
Ladle glaze is the product layer of reactions between the refractory and liquid 
slag after the first usage of the ladle. When the ladle is refilled in next heat, 
the slag-infiltrated layer will be removed or partially removed. On the other 
hand, liquid slag stays in the pores in the decarburized MgO matrix. Strong 
movement of the melt will flush off the liquid even along with pieces of MgO 
into the liquid metal forming nonmetallic inclusions. The key of reducing the 
number of inclusions is to block the open pores of MgO matrix and thereby 
limit the slag penetration. Another important drawback of carbon bearing 
MgO refractory is the supply of carbon to the steel. This constant supply has 
very negative effect on the production of steel grades with extra low carbon 
content. 
In view of the drawbacks and the increasing demand on improving the 
cleanness of the steel, great focus in this work is given to the development of 
carbon-free binder system for the lining material. After a careful scrutiny of 
the potential binder candidates, such as colloidal alumina to form in situ 
MgOAl2O3 spinel, colloidal silica and calcium hexa-aluminate 
(CaO·6Al2O3), colloidal alumina was chosen as the most suitable binder 
material to study. 
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To gain better understanding of reaction between the MgO based refractory 
and slag, the study on the dissolution behavior of dense MgO and spinel in 
molten slag is required. Most of researchers studied the dissolution 
mechanism of solid oxides into liquid and their kinetics by rotating a rod 
concentrically placed in liquid in a small crucible.12-26 Unfortunately, many 
studies neglected the constraints of the rotating rod method. As clearly 
pointed out by Gregory and Riddiford27, this method is only applicable to the 
cases with an infinite volume of liquid, and the rotated cylinder/disk should 
have a very large ratio between the diameter and thickness. The fact that 
having an infinite large vessel in the high temperature system is almost 
impossible. On the other hand, the small cylindrical vessel would lead to 
erroneous conclusions of dissolution mechanism, since the results largely 
depend on the experimental setup.28 Thus, the rotating method for the 
dissolution study is in need of development. 
A number of researchers reported that spinel bonded MgO refractory offered 
a good improvement in slag penetration resistance,29-38 while the formation 
of spinel in MgO matrix increased the difficulties of controlling the 
expansion of refractory. Braulio et al39-42 proposed that adding Al2O3 in the 
form of colloidal suspension into MgO could effectively reduce the 
expansion of MgO refractory. Although many studies were conducted to 
investigate the reaction between MgO based refractory and liquid slag, the 
penetration mechanism has not been studied sufficiently, in particular for the 
MgO based refractory with addition of colloidal alumina. In addition, it is 
well known that MgO particle distribution affects not only the densification 
process of refractory, but also the formation of spinel phase since the reaction 
is mainly influenced by the particle size of MgO.43-46 Therefore, a 
systematical investigation as regards MgO particle distribution on slag 
penetration resistance of MgO based refractory is also needed. 
The resistance of dissolution in the slag phase is one of the important issues 
for the development of MgO based refractory, since it is directly related to 
ladle life. Many investigators found that the dissolution process of MgO 
based refractory was mass transfer control in the slag phase.16, 22-23, 47-49 In 
fact, the investigation of the refractory dissolution in the slag should not only 
consider the chemical dissolution, but also the “dissolution” caused by 
mechanical peeling off. For instance, in a real carbon bearing MgO ladle, 
lining wearing by mechanical abrasion (or peeling off) is considerable. 
Unfortunately, this aspect was seldom discussed in most of literatures.  
The present work is devoted to the aspects mentioned above, all associated 
with refractory-slag reactions. It consists of fundamental studies on the 
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reaction between MgO based refractories and the typical ladle slag (CaO-
Al2O3-MgO-SiO2 system) at steelmaking temperature. The scope of present 
work can be presented in the following parts: 

1. A new experimental method was applied to study the dissolution 
behavior of dense MgO and MgO·Al2O3 spinel rod in the slag under 
forced convection. In Supplement 1, the detailed description of the 
new method is presented. The necessities of using this method for 
dissolution study is discussed by comparison with the traditional 
rotating method. In Supplement 2, the kinetics of dissolution of MgO 
and spinel in liquid slag were studied. The influence of rotation speed 
and time on the dissolution rate was undertaken. 

2. A carbon-free MgO based refractory with spinel bonding was 
developed by adding colloidal alumina. Supplement 3 and 
Supplement 4 present the effect of alumina addition, as well as 
particle size distribution of MgO on the resistance to slag penetration 
in MgO based refractory. The focal point of supplements is the 
penetration mechanism. 

3. The dissolution mechanism of different MgO based refractories into 
liquid slag was investigated. An experimental technique using cube 
samples was developed earlier in the present laboratory to study the 
dissolution in liquid by forced convection. The effect of forced 
convection and dissolution mechanism can be revealed successfully 
by employing the method.28, 50 This method was used in the present 
thesis to study the dissolution of refractory having low density, for 
which the rotation rod method developed in Supplement 1 was 
difficult to apply. The refractory types included the new spinel 
bonded MgO refractory, and the traditional MgO-carbon refractory. 
This is covered in Supplement 5. 

2. EXPERIMENTAL METHODS AND MODELLING 

To study the dissolution of MgO based refractories in slag, two different 
methods were employed in this work. A rotating cylinder method developed 
in the present thesis was applied to investigate the dissolution of dense MgO 
and spinel rod in slag. To study dissolution of porous refractory, holding the 
refractory rotated in the slag without breaking was very difficult. Therefore, 
the method developed earlier in the present lab was used. 
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2.1 Dissolution of dense MgO and spinel in slag 

2.1.1 New experimental method to study dissolution 

As already discussed, it is necessary to develop and build up a new 
experimental setup to study the dissolution. A new type of container was 
designed as presented in Figure 1. Figure 1(a) is the illustration of the new 
container, and Figure 1(b) presents its inner sketch along with the dimensions. 
This container could be fabricated by boring four holes with the diameter 18 
mm into a blank material (plastic and graphite in this work) to create an 
internal volume with a quatrefoil profile. The container or crucible with 
quatrefoil profiles was named as container/crucible with baffles. 

 
Figure 1. (a) Sketch of the new container and (b) modelling domains in the 

container. 

2.1.1.1 CFD calculation 

To investigate the liquid flow in the new container, a simple 3D model was 
developed in COMSOL Multiphysics 5.2a software.51 A detailed description 
and assumptions of the model are given in Supplement 1. Only a brief 
description is presented here. The mass transfer in the liquid phase was 
calculated by computational fluid dynamics (CFD). The flow was considered 
turbulent in nature. The equations of continuity and momentum and k-ε 
turbulence model were solved simultaneously. Water was chosen as the 
liquid material. Wall function was employed at the solid boundaries. Mass 
transfer to the gas at the upper surface was assumed to be zero. The shear 
stress between gas and liquid was also zero. The calculation domains are 
illustrated in Figure 1(b). The height of the liquid in the container was 95 
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mm. A cylinder rod placed at the center of the container had a length of 45 
mm immersed into liquid. The diameter of the rod was 8 mm. 

 
Figure 2. Velocity distributions in different horizontal sections at the 

rotation speed of 100 rpm. 

Figure 2 presents the velocity distributions along with the calculated stream 
lines in different horizontal sections in the new container. The left side of this 
figure shows the vertical position of each horizontal section. The rotation 
speed of the rod is 100 rpm. It is seen clearly that the radial flow is created 
by rotating at all sections. The effect of the rotation speed is illustrated in 
Figure 3. As expected, higher rotation speed increases the velocity of liquid 
in radial direction. The calculation in the traditional cylinder container is also 
made using 200 rpm. The result is given in Figure 4. No radial flow is created 
at any section. It could be suggested that the presence of the quatrefoil 
profiles in the container could efficiently introduce the radial flow in the 
liquid. 
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Figure 3. Velocity distributions in the different horizontal sections at the 

rotation speed of 200 rpm. 

 

Figure 4. Velocity distributions in the different horizontal sections at the 
rotation speed of 200 rpm in the cylindrical container without baffles. 
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2.1.1.2 Examination of CFD calculation by cold model experiments 

To examine the results of CFD calculation, cold model experiments at room 
temperature were carried out. Figure 5 shows the experimental setup 
schematically for cold model experiments. This setup mainly contained a 
thermostat, a Eurostar motor and a container made of plastic. The inner of 
this container had the quatrefoil profiles as shown in Figure 1. For 
comparison, a cylindrical container without baffles was also applied. The 
container without baffles had an inner diameter of 34 mm.  For each cold 
experiment, the container was filled with 100 grams of water. The sugar rods 
in the form of solid rod were used as the dissolution material. Each sugar rod 
was 8 mm in diameter and 90 mm in length. The motor was employed to 
rotate the sugar rod in the water. 

 
Figure 5. Cold model setup. 

The Normalized diameter DN is used to describe the dissolution of the solid 
rod by Equation (1),  

    
0

N
DD
D

=     (1) 

where D0 is the initial diameter of the rod sample, D is the diameter of rod 
after dissolution experiment. 
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Figure 6.  Normalized diameters DN of sugar rod as a function of rotation 
speed and time (a) in the container with baffles and (b) in the container 

without baffles at room temperature. 
Figure 6(a) and Figure 6(b) show the dissolution results of sugar rod in water 
by the container with baffles and without baffles, respectively. The results in 
Figure 6(a) illustrate that the rotation speed has a great effect on the 
dissolution of sugar rod when the container with baffles is used. On the 
contrary, in the traditional method where a cylindrical container is commonly 
used, the dissolution depends very little on the rotation speed. Comparison 
of Figure 6(a) and Figure 6(b) reveals that introducing radial flow in the 
liquid could create mass transfer along the radial direction, and higher 
rotation speed enhances the mass transfer. 

2.1.1.3 Applicability of the new method in high temperature experiments 

Since the elevated experimental temperature could arise more difficulties and 
uncertainties for the dissolution study, it is very necessary to examine the 
applicability of this new design in the elevated temperature. The new 
experimental setup should fulfill the two additional requirements compared 
with the traditional rotating method, (1) creating the radial flow in the liquid 
by rotation, (2) freezing the whole reaction system including the rod and 
liquid slag. 
The new setup was constructed as shown in the Figure 7. The main 
components of the experimental setup were a reaction tube made of alumina, 
high temperature furnace with Kanthal Super heating elements, water-cooled 
chambers and lifting device. The alumina reaction tube with the inner 
diameter of 70 mm and 1000 mm in length was sealed with o-rings on its 
both ends. The water-cooled chamber used for quenching the sample was on 
the top of the tube. A hydraulic lifting device attached to the steel tube was 
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used to position the sample holder at the hot zone of the reaction tube, and 
also able to lift up the sample rapidly when the experiments finished. The 
reaction gas was introduced to the bottom of the furnace, and it came out 
from the top. An additional gas inlet was located at the quenching chamber 
which could help the quenching more efficiently. All the gases could be 
adjusted by the digital flow meters. The furnace temperature was controlled 
by a Eurotherm controller. For measuring the sample temperature, a type-B 
(Pt-6% Rh/Pt-30 % Rh) thermocouple was placed just under the sample 
holder. A Eurostar stirring motor was employed to rotate the solid rod at a 
given rotation speed. The inset of Figure 7 presents the sample holding 
system. The main parts made of graphite were the working crucible, the 
holding crucible, the support cap which was amounted on the support tube. 
To keep the rod at the center of the crucible, the graphite connector was used 
to help with fixing its position in the support tube. A graphite disk with a 
hole in the center was placed on the working crucible to further ensure the 
centering. The size of the hole was just a little bigger than the rod. 

 
Figure 7. Experimental setup for the dissolution experiments. 

In this study, two types of ceramic rods were used for different purposes. The 
dense spinel rod was used to examine the applicability of this new setup in 
the study of dissolution controlled by mass transfer. The MgO-porous rod 
with porosity of 28% was used to examine the applicability of the setup in 
the study of dissolution mechanism.  
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In each run, 100 grams of pre-melted slag was used as the liquid material. 
Regarding the preparation of pre-melted slag, details will be given in the 
following section. After assembly all the parts together, the sample holder 
was placed in the quenching chamber. The furnace was sealed. The reaction 
chamber was then evacuated and refilled with argon gas. An argon gas flow 
of 0.05 Lmin-1 was maintained throughout the whole experiment. Thereafter, 
the furnace was heated up. The sample holder was slowly moved down to the 
resting position when the hot zone of the furnace reached at the 
predetermined temperature of 1873 K. The resting position was in the 
temperature zone of 1673 K. The quaternary phase diagram of CaO-Al2O3-
MgO-SiO2 shows that the slag used in the study is solid at 1673 K.52 For one 
side, sample rested at this position before being moved to the experimental 
temperature zone could protect the reaction tube from thermal shock. For 
another side, it could limit the reaction between the graphite and liquid oxide 
during the slag-melting. After 20 minutes of resting, the sample holder was 
lowered down quickly to the even temperature zone. The rod was immersed 
into the liquid about 20 mm deep. Before that, the rod was kept above the 
liquid surface till the slag was molten completely. After a given time of 
rotating, the sample was rapidly withdrawn to the quenching chamber by the 
lifting system. Directly after, a high flow of argon gas was commenced. The 
working crucible along with the ceramic rod was removed from the furnace 
after cooling, and the diameter of the ceramic rod was carefully measured. 

2.1.2 Dissolution of dense MgO and spinel 

As the initial step in developing the MgO based refractory, the experimental 
studies of spinel and MgO dissolution in liquid slag were carried out at 
1873 K.  

2.1.2.1 Material preparation 

The spinel rod was produced in present laboratory. To prepare the spinel rod, 
MgO and Al2O3 powders were mixed in ethanol using a magnetic stirrer for 
2 hours. The powder mixture had the mole ratio of MgO: Al2O3 =1:1. After 
drying, the powder mixtures were pressed into rods under the uniaxial 
pressure of 10 MPa by in a laboratory-scale hydraulic pressing machine. 
Spinel rods were sintered at the temperature of 1873 K for 10 hours in a 
muffle furnace. The density and porosity measurements were made on the 
sintered rod, it had 3.2 g/cm3 in density and < 5% in porosity. MgO rod was 
obtained from the commercial sintered magnesia with a high density of 3.4 
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g·cm-3 and porosity of < 5 %. Both types of ceramic rod had 8 mm (±0.5 mm) 
in diameter. 

2.1.2.2 Pre-melted slag preparation 

Pre-melted slag was used to study the dissolution in high temperature. 
Reagent grade of CaO, Al2O3, MgO and SiO2 powders was the raw materials 
for the preparation. Before mixing all the oxides, they were dried at 1173 K 
for 10 hours to remove the moisture. The mixture with the composition of 55 
mass% CaO, 30 mass% Al2O3, 8 mass% MgO and 7 mass% SiO2 was pressed 
into pellets, and then the pellets were placed into the bottom of a graphite 
crucible for the preparation of pre-melting. An induction furnace which could 
reach 1973 K was used to heat up the crucible. When the pellets were 
completely molten, the crucible along with the slag was quickly removed 
from the furnace. The liquid slag was quenched in air. Figure 8 shows the 
photo of the pre-melted slag after cooling, it is seen that a semi-transparent 
slag was formed. The chemical composition of pre-melted slag was measured 
by X-ray Fluorescence (XRF), it contained 53-54 mass% of CaO, 31-33 mass% 
Al2O3, 8-9 mass% of MgO and 6-7 mass% of SiO2. 

 
Figure 8. Photo of pre-melted slag. 

2.1.2.3 Experimental procedures  

The dissolution experiments were performed in a vertical high temperature 
furnace as depicted schematically in Figure 7. The experiment was carried 
out with the procedures as described in section 2.1.1.3. For the investigation 
of dissolution mechanism, some rods were quenched inside the slag. Note 
that 100 grams of new slag and a new ceramic rod were used in each 
experiment. 
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2.2 Reactions between MgO based refractories and slag 

2.2.1 Materials preparation  

2.2.1.1 Laboratorial MgO based refractories  

To introduce Al2O3 to the refractory system, colloidal alumina suspension 
was used as addition to MgO powders for the fundamental studies on the 
MgO refractory-slag reaction. This colloidal alumina was 50% in H2O and it 
had the average particle size of 45 nm. Calcined MgO powder with particle 
size of < 300 µm was chosen as the matrix material of the refractory at first 
step. To study the effect of alumina addition on the slag-refractory reaction, 
refractory samples with different amounts of alumina were prepared. 
As an important step to explore the potential applicability of the developed 
MgO refractory, industrial dead burnt (DB) MgO was chosen as the magnesia 
source. This DB MgO with the composition of 96.6% was fired above 1773 
K. To study the effect of different particle sizes of MgO on the slag-refractory 
reaction, three different particle ranges of DB MgO particle were selected. 
To help the discussion, these ranges were designated particle small (in the 
particle size range of 0-0.25 mm), particle medium (in the particle size range 
of 0-0.5 mm) and particle large (in the particle size range of 0-1 mm). The 
particle size analysis of each type of DB MgO is given in Table 1.  

Table 1. Particle size analysis of DB MgO. 

Item Particle size Cumulative percent under size (%) 
Small  Medium Large 

j Dj (mm) F1(Dj) F2(Dj) F3(Dj) 
1 0.045 26.9 22.8 9.7 
2 0.063 42.4 30.0 16.2 
3 0.08 53.0 38.2 20.7 
4 0.16 81.6 64.7 37.1 
5 0.25 100 79.5 47.1 
6 0.5 100 100 64.6 
7 1 100 100 100 

 
MgO based refractories were prepared according to the following procedures. 
MgO powders and colloidal alumina in a proper proportion were mixed in a 
ceramic mortar in ethanol for 1 hour. After drying the well-mixed powders, 
the mixture was then pressed into the required shapes under a pressure of 15 
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MPa. Thereafter, the pressed refractory samples were sintered in a muffle 
furnace at 1773 K by the heating rate of 3K·minute-1. The dwelling duration 
at the sintering temperature was 8 hours. Table 2 presents the details of all 
types of MgO based refractories which were prepared in the lab. It is seen 
that some samples were made by the mixture of particle small and large, the 
purpose for mixing two different types of particles will be given later. 

Table 2. Properties of Laboratorial MgO based refractories. 

Sample 
name 

Colloidal 
alumina 

(mass %) 

MgO (mass %) 
Calcined 

MgO 
Dead burnt MgO  

Small Medium Large 
A-1 0 100 - -  - 
A-2 10 90 - - - 
A-3 20 80 - - - 
B-1 20 - 80 -  - 
B-2 20 - - 80  - 
B-3 20 - - - 80 
B-4 30 - - - 70 
B-5 20 - 60 - 20 
B-6 20 - 40 - 40 
B-7 20 -  20 - 60 

2.2.1.2 Industrial MgO based refractories 

In order to compare the performance of the developed MgO based refractory 
with the traditional MgO-carbon refractory used for steelmaking ladle, a 
commercial MgO-carbon brick with high density was also investigated. 
Some samples were cut out from this refractory brick. As discussed earlier, 
the refractory at and above the slag line is always decarbonized after the first 
heat. In view of that, the real process of slag penetration is between the liquid 
slag and the decarburized layer. Therefore, the decarburized MgO-carbon 
disk was prepared by burning out the carbon. The original MgO-carbon disks 
were pre-fired in air at 1373 K for 10 hours. The information of this MgO-
carbon brick is given in detail in Supplement 3. 
Another type of industrial MgO based refractory, named as sample D, was 
from a testing spinel bonded MgO brick supplied from INSERTEC, Spain. 
In this type of refractory, micro-powder of alumina (particle size about 5 
micrometers) was added into MgO. The recipe of this type of refractory was 
based on the results of the present fundamental studies. The refractory brick 
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was produced by the company. Detailed information of the brick is given in 
Supplement 5. The properties of industrial refractories are given in Table 3. 

Table 3. Properties of industrial MgO based refractories. 

Sample 
name Refractory type 

Bulk 
density 
(g·cm-3) 

Apparent 
porosity 

(%) 
C-1 Commercial MgO-carbon 3.1 5 
C-2 Decarburized MgO-carbon 2.6 28 
D Spinel bonded MgO 2.7 23 

 
For the study of slag penetration, MgO refractory in the form of substrate 
disk was provided. Each substrate had 30 mm in diameter and 8 mm in 
thickness. For the study of dissolution in slag, two different shapes of MgO 
based refractories were prepared. As mentioned earlier, MgO-porous rod 
with diameter of 8 mm was produced to examine the applicability of the 
developed rotating method. Some refractory samples were prepared in the 
form of cubic shape with 8x8x8 mm for the investigation of dissolution 
mechanism. 

2.2.1.3 Slag preparation 

For the slag sample in the penetration experiments, the mixed powders of 55 
mass% CaO, 30 mass% Al2O3, 8 mass% MgO and 7 mass% SiO2 were 
pressed into pellets. Each pellet was about 2 grams. In the dissolution 
experiments, the pre-melted slag was applied. The procedures of preparation 
along with its composition have been presented in section 2.1.2. 

2.2.2 Experimental setup and procedures 

The experimental equipment used for the study of reactions between MgO 
refractories and slag was basically same as illustrated in Figure 7. Therefore, 
only the description of sample holding system is given here. 

2.2.2.1 Slag penetration 

The experimental setup is shown in Figure 9. A graphite crucible was used 
to hold the samples. To reduce its heat capacity, many holes were made at 
the bottom and the lower part of crucible. This crucible was mounted to a 
graphite connector which screwed on a steel tube. 
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For a general run, a MgO refractory substrate with a slag pellet on the top 
was placed at the bottom of the holding crucible, and they were kept at the 
quenching chamber before the experiment. The furnace was sealed, 
evacuated, and then filled with argon gas. After that, the furnace was heated 
up to the experimental temperature of 1873 K with a heating rate of 1.5-2 
K·minute-1. During the heating and the experiment, a constant flow of 0.05 
L·minute-1 of argon gas was used. When the temperature of the hot zone 
reached at the target temperature, the sample holder was lowered down to the 
high temperature zone slowly by the lifting device to avoid the thermal shock 
of the reaction tube. After 30 minutes of slag-refractory reaction, the sample 
was quickly raised to the quenching position and a high flow of argon gas 
was used to quench the sample. After taking out the sample from the furnace, 
the MgO refractory substrate along with the slag was cut off for the further 
analysis.  

 
Figure 9. Experimental setup for the experiments of slag penetration. 
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2.2.2.2 Dissolution experiments in liquid slag 

As was discussed earlier, the cube method was employed to study the 
dissolution mechanism of MgO based refractories in the liquid slag. Figure 
10 presents the investigated refractory cubes. 

 
Figure 10. Photograph of different types of refractory cubes. 

As seen in the inset of Figure 11, a specially designed stirring and sample 
holding system were built up to study the dissolution with force convection. 
The Eurostar stirring motor was used to drive the stirrer made of Mo that 
stirred the liquid along with the refractory sample eccentrically. A long shaft 
made of stainless steel screwed on the upper end of the Mo stirrer was 
connected to the stirring motor. The main parts of the sample holding 
assembly were made of Mo, including a working crucible, outer container, 
and support cap mounted onto a tube. The upper part of the stirrer was kept 
in the Mo tube so that rotating could be steady during the experiment. A 
support cap was used to lock the working crucible in a fixed position by two 
Mo pins. The whole holding assembly was fastened onto a lower end of the 
steel tube. 

 
Figure 11. Experimental setup for the study of MgO refractory dissolution. 
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In the preparation of each run, a MgO refractory cube along with 35 grams 
of pre-melted slag were placed in the bottom of the working crucible. The 
cube was embedded in the slag pieces so as to be immersed into the melts 
when the slag was molten. The working crucible was then placed into the 
larger Mo container. The Mo stirrer was lowered to a position that rested on 
the top of the slag materials inside the working crucible. After assembling all 
the parts, the sample resided in the quenching position chamber before the 
experiment started. The reaction chamber was sealed, evacuated and refilled 
with argon gas. The furnace temperature was ramped up to 1873 K with the 
argon flow of 0.05 L·minute-1. When the target temperature in the hot zone 
of the furnace was reached, the sample was lowered down to the reaction 
tube. For the purpose of limiting the effect of slag-melting on the dissolution, 
as well as minimizing the thermal shock of the reaction tube, the sample was 
preheated at the temperature zone of 1673 K for 20 minutes. After resting, 
the sample holder was lowered all the way rapidly to the final position in the 
hot zone of the furnace. It took around 40 seconds to melt the slag. The stirrer 
was then pushed down to the liquid but 5 mm above the bottom of the 
working crucible. The stirring was started when the stirrer was in position; 
and the zero-time (t=0) was noted. Different stirring time and speeds were 
given in the experiments. It should be mentioned that the refractory cube 
stayed at the bottom of the working crucible during the experiment. At the 
end of each experiment, the sample was rapidly retracted out of the reaction 
tube into the quenching chamber, and a high flow of argon was impinged on 
the sample holder immediately. After cooling, the working crucible along 
with the sample was taken out from the quenching chamber, and it was cut 
cross-sectioned going through the cube by a diamond saw. Photographs and 
micrographs were taken off the crucible cross sections. The size of remaining 
refractory cube was measured carefully. 

2.3 Analyses Technology 
The density and apparent porosity of refractory samples were measured by 
using Archimedes method. Since some samples were sensitive to the 
moisture, silicon oil was used as the immersion medium in the measurement. 
Slag composition in some experiments were analyzed by X-ray fluorescence 
(XRF). The relative uncertainty of this technique is ±5%. For the study of 
microstructure and chemical composition on some samples, light optical 
microscopy and scanning electron microscopy (SEM) equipped with energy 
dispersive spectroscopy (EDS) analyzer were employed. 



18 
 

3. RESULTS 

3.1 Dissolution of dense MgO and spinel in slag 

3.1.1 Comparison of the rotating cylinder methods at elevated temperature 

Experiments at elevated temperature should also be carried out to examine 
the applicability of the new method. Crucible with the quatrefoil profiles 
made of graphite was used along with the experimental setup as shown in 
Figure 7. For comparison, setup with the traditional cylindrical crucible was 
also studied. Figure 12 shows the effect of rotation speed on the dissolution 
of dense spinel rod by the new rotating method and traditional method, 
respectively. It is evident that compared with using the traditional method, 
the dissolution rate by the new method is enhanced significantly with the 
increase of rotation speed which is in consistent with the conclusions 
obtained from cold experiments. 

 
Figure 12. Effect of rotation speed on the dissolution of spinel rod at 1873 K. 

For the traditional rotating method, present experimental results as shown in 
Figure 4, Figure 6 and Figure 12 confirm the fact that the efficient forced 
convection in the liquid could not be created, it is because there is no flow in 
the radial direction in the liquid. As illustrated in Figure 2 and Figure 3, the 
crucible with baffles in the new method contributes to the generation of 
strong radial flow in the liquid. 
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Figure 13. DN of MgO-porous rod as a function of dissolution time at the 

rotation speed of 50 rpm. 

Figure 13 presents the effect of time on the dissolution of MgO-porous rod 
when the rotation speed of 50 rpm is used. A large decrease of DN is found 
after 40 seconds of reaction. As discussed earlier, the new experimental 
method should fulfill the requirement that keep the morphology of the sample 
at experimental temperature. SEM images were taken at the interface 
between the slag bulk and the ceramic rod as presented in Figure 14. 

 
Figure 14. SEM micrographs of (a) MgO-porous rod with slag rotated at the 
speed of 50 rpm after 60 seconds and (b) dense spinel rod with slag rotated 

at the speed of 100 rpm after 10 minutes. 

In the region of slag bulk in Figure 14(a), two different types of MgO 
particles are observed. One type of MgO particles is in the form of dendrites 
in the slag phase. This MgO is precipitated during the cooling. The quenching 
is not efficient to prevent the precipitation. The other type of solid MgO is in 
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the form of islands. In the region of the remaining rod, a slag-penetrated layer 
is formed on the rod, since the slag composition inside the layer has the same 
composition as the slag bulk that is very close to its initial composition. MgO 
islands in the slag bulk are formed by the MgO particles detached from the 
slag-penetrated layer. The detachment will be illustrated specifically in the 
later discussion. The SEM image was also taken on the dense spinel sample 
in Figure 14(b). In contrast to the findings in Figure 14(a), no oxide islands 
are found in the slag bulk. The sharp boundary separates the slag phase and 
spinel rod. Additionally, slag penetration into spinel rod is negligible. 
In view of the observations by SEM, this new rotating method also approves 
its reliability of investigating the dissolution mechanism. The liquid 
composition in the slag-penetrated layer of the MgO-porous rod is still very 
close to its initial composition, even though the “dissolution” already 
occurred. This indicates that the “dissolution” of MgO-porous is not due to 
the chemical dissolution, but other mechanisms. As seen in Figure 14(a), 
large MgO islands and particles are detaching from the slag-penetrated layer 
of MgO-porous rod. The results strongly suggest that the constant removal 
of the slag-penetrated layer due to shear stress between the refractory and 
liquid could lead to the rapid dissolution. Thus, the main dissolution 
mechanism in this case is the mechanical peeling-off. The results from Figure 
14 reveal that the formation of slag-penetrated layer in the refractory has a 
great impact on the dissolution. This aspect will be brought out further in 
later discussion. 
Comparison between the results in Figure 14(a) and Figure 14(b) also reveals 
that only the mathematical manner, for example the dissolution rate in Figure 
12 and Figure 13, could not fully conclude the controlling step of dissolution. 
In contrast to many works reported that mass transfer in the liquid controlled 
the whole dissolution process,22-23 the present example of MgO-porous 
dissolution does not show the case. The results of MgO-porous rod also 
indicate that if the mathematical manner is only considered in the dissolution 
study, a wrong conclusion of the dissolution mechanism might be made. 

3.1.2 Dissolution of dense MgO and spinel by new experimental method 

The changes of normalized diameter of ceramic rod in stagnant slag versus 
time are plotted in Figure 15(a). The results indicate that the dissolution rate 
of spinel in the liquid slag is much higher than MgO with the increasing time. 
It is also shown that the change of DN in both ceramic rods is linear with 
experimental duration. Figure 15(b) shows the effect of rotation speed on the 
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dissolution rate of spinel and MgO into slag, respectively. The reaction time 
is 10 minutes. The effect on spinel dissolution is more significant than MgO. 

 
Figure 15. Normalized diameter of ceramic rod (a) as a function of time in 

stagnant slag and (b) as a function of rotation speed at 1873 K. 

 
Figure 16. Change in normalized diameter of ceramic rod as a function of 
time with increasing rotation speed at 1873 K. (a) Dense spinel rod and (b) 

dense MgO rod. 

Figure 16 is a plot of DN of ceramic rod versus time with increasing rotation 
speed. Figure 16(a) clearly shows that rotating has appreciable impact on the 
dissolution of spinel, the rate of dissolution is enhanced evidently. On the 
other hand, results in Figure 16(b) indicate that although the dissolution rate 
of MgO does increase with the increase in rotation speed, the effect of 
rotation speed on the dissolution is less considerable in comparison with 
spinel. 
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Figure 14(b) have shown the SEM image of dense spinel rod with the slag 
rotated at the speed of 100 rpm for 10 minutes. SEM was also conducted on 
the dense MgO rod after reaction with slag. The image along with the 
discussion is given in Supplement 2. The morphologies of MgO sample are 
very similar to spinel sample. With respect to the change of liquid 
composition at the solid-slag interface, it is found that no apparent 
composition change near the surface of rod is detected in both cases. It should 
be mentioned that the EDS analysis has some uncertainties, but it is still 
helpful to compare the change of the liquid composition. 

3.2 Resistance of MgO refractories to slag penetration 

3.2.1 Densification of MgO based refractories 

3.2.1.1 Effect of alumina addition 

To study the effect of alumina addition on the morphology of MgO refractory, 
SEM and EDS were conducted on the substrates. Figure 17(a)-(c) presents 
the SEM micrographs of MgO refractory substrates.  

 
Figure 17. SEM micrographs of the MgO substrates (a) A-1, (b) A-2 and (c) 
A-3, and (d) the element mapping of Al in A-3. Phase 1 is pore, Phase 2 is 

periclase (MgO) and Phase 3 is spinel. 
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Without addition of colloidal alumina, A-1 in Figure 17(a) has much porous 
structure in contrast to A-2 and A-3. A lot of open pores can be seen among 
the MgO particles. In Figure 17(b) and (c), it can be seen that the second 
phase, MgO·Al2O3 spinel is formed, because Al2O3 reacts with MgO to form 
in situ spinel phase during the sintering. The analysis of EDS shows that the 
spinel phase has the element ratio near the stoichiometric in both samples of 
A-2 and A-3. Figure 17 (d) indicates that the spinel grains distribute evenly 
in the MgO base. Table 4 lists the densities and apparent porosities of MgO 
refractory with different amount addition of colloidal alumina. In consistent 
with the observations in Figure 17, the higher amount of alumina adding 
results in higher densities of MgO substrate, consequently, a decrease of 
apparent porosity. 

Table 4. Densities and apparent porosities of MgO substrates. 

Sample 
name 

Density 
(g·cm-3) 

Apparent 
porosity 

(%) 
A-1 2.343 34.25 
A-2 2.780 19.74 
A-3 2.899 16.63 

 

3.2.1.2 Effect of particle size distribution of MgO 

Figure 18(a)-(c) show the SEM micrographs of refractory substrate B-1, B-2 
and B-3 respectively. The compositions of these substrates are given in Table 
2. Dead burnt MgO is chosen as the raw material here. These substrates are 
produced by the same amount of colloidal alumina, but by different MgO 
particle sizes. Substrate B-3 consisted of large MgO particles has more 
porous structure in contrast to substrate B-1 and B-2. It is seen that B-3 
contains a lot of big open pores and gaps. To investigate the effect of MgO 
particle size on the phase distribution in the substrate, Figure 18(d)-(f) 
illustrates the SEM images of refractory substrates with higher magnification. 
According to the analysis of EDS, three phases are identified in all the 
substrates, viz. periclase, spinel and liquid. The phases of periclase and spinel 
have been discussed earlier as presented in Figure 17. The presence of liquid 
is due to reactions between the MgO and impurities during the sintering. 
Since the amount of liquid in the substrate is too little, the liquid phase would 
not influence the discussion of slag penetration later. 
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Figure 18. SEM micrographs of the refractory substrates (a) B-1, (b) B-2, 

(c) B-3, (d) Region A of B-1, (e) Region B of B-2 and (d) Region C of B-3. 

An important phenomenon related to the particle size is the distribution of 
spinel grains in MgO matrix. Similar to substrate A-3, spinel grains distribute 
evenly among the MgO grains of B-1 as shown in Figure 18(d). The gaps 
between MgO particles are filled by the spinel together with small periclase 
grains. On the other hand, the substrate consisted of the coarser MgO 
particles presents a different spinel distribution. Substrate B-2 and B-3 
contain MgO particle with the size larger than 0.25 mm. Small spinel and 
MgO particles in B-2 and B-3 aggregate together at the borders of the large 
MgO particles. In B-3 a lot of aggregated spinel grains are even isolated from 
the MgO matrix because of the big open pores. Those findings are in 
agreement with the results reported in a previous publication.44 The authors 
observed the similar phenomenon as the coarse MgO was used. 

Table 5. Apparent porosity of MgO substrates by different particle sizes. 

Substrate 
name  

Colloidal alumina 
(mass percent) 

Apparent 
porosity (%) 

B-1 20 16.6 
B-2 20 17.5 
B-3 20 20.9 
B-4 30 20.2 
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Table 5 presents the apparent porosity of MgO substrates by different particle 
sizes. The apparent porosity of substrates is increased as the coarser MgO 
particles is used. Substrate B-4 is comprised of large MgO particles, but a 
larger amount of colloidal alumina was added. The result of B-4 reveals that 
more addition of alumina could not make a significant improvement in the 
densification of MgO substrates. 

 
Figure 19. Apparent porosity of MgO substrates as a function of mass 

fraction of large particle by experimental measurements. 
Particle size distribution is fundamental to the ceramic-making process, since 
it could directly affect the densification of the refractories. Particle packing 
recognized as a core research area is of prime importance to describe a proper 
size distribution.53-54 Various investigators suggested that if the ternary 
mixture (small-medium-large particles) was considered as a triangle, there is 
a minimum porosity for the ternary mixture system, located either inside the 
triangle or at the small-large boundary line.53-54 As a starting point, the 
present study focused on the boundary line between small particle and large 
particle. The size distribution of large and small MgO particles is given in 
Table 1. In this work, there are MgO substrates prepared by the mixture of 
large and small MgO particles in different mass fraction as shown in Table 
2. The apparent porosities of these substrates are plotted in Figure 19. It is 
clear that substrate B-6 reaches the minimum porosity of 12%, when the mass 
fraction of large particle is 0.5. The results confirm the fact that an optimum 
packing could be obtained by using the proper size distribution. 



26 
 

 
Figure 20. SEM micrographs of MgO substrate (a) B-5, (b) B-6, (c) B-7, (d) 

region D of B-5, (e) region E of B-6 and (f) region F of B-7. 
To illustrate the porosity results, SEM images were taken to examine the 
structure of MgO substrates with the mixed particle sizes as shown in Figure 
20.The morphology of B-6 as seen in Figure 20(b) is in line with the porosity 
results that the structure of substrate B-6 is denser and its pore size distributes 
more evenly than the others. Figure 20(d) through (f) present the distribution 
of spinel grains in those substrates with mixed particles. A noticeable 
observation in sample B-6 as shown in Figure 20 (e) is that a large amount 
of aggregated spinel and MgO particles are located at the border of the 
relatively big MgO grains. The gaps of the MgO matrix are filled up by both 
of the small periclase and spinel grains. 

3.2.2 Resistance to slag penetration 

3.2.2.1 Effect of alumina addition 

Figure 21 shows the photographs of vertical cross sections of the refractory 
substrates after slag penetration at 1873 K. The penetration depth is also 
marked on each sample as shown in Figure 21. In both cases of A-1 and C-
2, the slag reaches the bottom of the substrate. This indicates that both types 
of MgO refractories have a low resistance to slag penetration. In contrast, the 
penetration is limited in the cases of A-2 and A-3. In particular, the 
penetration depth of substrate A-3 is only 4 mm from its upper surface. It 
indicates that the addition of alumina improves the resistance of MgO 
refractory to slag penetration. 
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Figure 21. Photographs of cross sections for different refractory substrates 

after contacting with slag for 30 minutes at 1873 K. 

To investigate the penetration mechanism, the refractory substrates after in 
contact with the liquid slag were subjected to the analysis of SEM and EDS. 
To facilitate the discussion, MgO refractory substrate is divided into four 
zones, namely Zone 1, Zone 2, Zone 3 and Zone 4, from top down. Each zone 
is 2 mm thick. 
As expected, phase(s) found in four zones of substrate A-1 are identical, only 
periclase and slag phase. In contrast to the case of A-1, the phase found in 
substrate A-2 and A-3 after in contact with liquid slag differs from zone to 
zone. Taking sample A-3 for an example, SEM images taken at Zone 1, 2, 3 
and 4 of substrate A-3 are shown in Figure 22. As seen in Figure 22 (a), the 
major phase at the grain boundaries of MgO in Zone 1 is liquid phase. In 
Zone 2, the liquid is still the main phase but its Al2O3 content is higher than 
in Zone 1. This is due to the dissolution of spinel particles into the penetrating 
liquid. The liquid in this zone contains 50-52 mass% CaO, 42-45 mass% 
Al2O3 and 5-7 mass% MgO. Note that another two phases are also found at 
the grain boundaries, viz. spinel and CaO·Al2O3 (CA). It is apparent that 
those spinel grains are unreacted in the substrate, while CaO·Al2O3 is a new 
solid phase which is formed during the penetration process. This phase has a 
composition of 35 mass% CaO and 65 mass% Al2O3. According to the phase 
diagram of CaO-Al2O3,52 CaO·Al2O3 should be solid at experimental 
temperature. 
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Figure 22. SEM micrographs of substrate A-3 after experiment in (a) Zone 
1, (b) Zone 2, (c) Zone 3 and (d) Zone 4. Phase 1 is periclase (MgO), Phase 
2 is liquid, Phase 3 is 12CaO·7Al2O3 precipitation, Phase 4 is spinel, Phase 

5 is CaO·Al2O3 and Phase 6 is CaO·MgO·Al2O3 solid solution. 

In Zone 3, the difference in the phase distribution is remarkable. It is clear 
seen in Figure 22(c) that solid phases occupy most of the spaces between 
MgO grains rather than liquid phase. The liquid in this zone has higher 
content of Al2O3 and MgO than in Zone 2, containing 46-47 mass% CaO, 
47-49 mass% Al2O3 and 6-7 mass% MgO. As seen in Figure 22(c), the major 
phase at the grain boundaries is CaO·Al2O3 phase that formed as a continuous, 
adherent layer on the spinel grains. More unreacted spinel grains are found 
which suggests that less spinel grains are dissolved into the liquid compared 
with Zone 1 and 2. It is also interesting to mention that another new solid 
phase, identified as CaO·MgO·Al2O3 (CMA) solid solution, is found in this 
zone. The average composition of CaO·MgO·Al2O3 phase is 17 mass% CaO, 
60 mass% Al2O3 and 23 mass% MgO. 
The SEM image of Zone 4 is shown in Figure 22(d). It is seen in the figure 
that the phase distribution in this zone is very similar to the substrate before 
in contact with the liquid slag as seen in Figure 17(c), the main phases in this 
zone are MgO and spinel, only very trace of liquid is observed. This result 
reveals that further slag penetration is limited, due to the precipitation of the 
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solid phases (CaO·Al2O3 and CaO·MgO·Al2O3 solid solution). It should be 
pointed out that the contents of MgO and SiO2 in the liquid phase at the grain 
boundaries are lower than the initial slag composition. All the experiments 
were carried out under a low oxygen atmosphere. The loss of MgO and SiO2 
in the liquid could be because of the formation of Mg gas and SiO gas. 

Table 6. Phases found at the grain boundaries of MgO after experiments. 

Substrate Zone Amount of 
liquid phase Spinel CaO·Al2O3 CMA 

A-1 1 Major - - - 
 2  Major - - - 
 3 Major - - - 
 4 Major - - - 
  

A-2 1 Major - - - 
 2 Major - - - 
 3 Major Yes - - 
 4 Minor Major Yes - 
  

A-3 1 Major - - - 
 2 Major Minor Yes - 
 3 Minor  Major Minor Yes 
 4 - Major - - 
      

C-2 1 Major - - - 
 2 Major - - - 
 3 Major - - - 
 4 Major - - - 

 
Table 6 lists the phases found at the grain boundaries of MgO in different 
zones of MgO substrates after in contact with liquid slag at 1873 K for 30 
minutes. The refractory substrate named C-2 is from the commercial MgO-
carbon brick used in the lining of ladle furnace. The detail of this refractory 
has been discussed in section 2.2. Substrate C-2 has the same penetration 
profile as A-1. The phases found in each zone are also identical to A-1. To 
illustrate the fact, Figure 23 presents the SEM image of substrate C-2 in Zone 
4. Evidently, only the liquid is observed at the grain boundaries. 
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Figure 23. SEM micrograph of substrate C-2 in Zone 4. Phase 1 is 

periclase, and Phase 2 is liquid. 

3.2.2.2 Effect of particle size distribution of MgO 

The effect of particle size distribution on the slag penetration was also 
investigated. Table 7 presents the depth of slag penetration in MgO substrates. 
The penetration depth of B-6 is only 2.1 mm. This substrate presents the best-
performing of slag resistance among the investigated refractories. 
Comparison of B-3 and B-4 indicates that the effect of Al2O3 addition on 
reducing the penetration is very little, as MgO particle with large size is used. 

Table 7. Slag penetration depth on MgO substrates. 

substrate name Penetration depth (mm) 
B-1 3.9 
B-2 4.6 
B-3 8.0 
B-4 7.3 
B-5 4.5 
B-6 2.1 
B-7 6.8 

 
The results of phases found at the grain boundaries of MgO in each zone of 
reacted refractory substrates are presented in Table 8. For samples B-3, B-4 
and B-7, the liquid phase is the main phase at the grain boundaries. Thus, 
results from samples containing large MgO particles are not given in this 
table. It is found that the phases found at the grain boundaries along the depth 
have the similar trend as in Table 6. The phase distribution along the grain 
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boundaries of MgO also varies from zone to zone, this is mainly due to the 
spinel-slag reaction at the grain boundaries. 

Table 8. Phase found at the grain boundaries of MgO. 

Substrate Zone 
Amount 
of liquid 

phase  
Spinel CaO·Al2O3 CMA 

B-1 1 Major - - - 
 2 Major Minor Yes - 
 3 Minor Major Minor Yes 
 4 Trace Major - - 
      

B-2 1 Major - - - 
 2 Major Minor Yes - 
 3 Minor Major Minor - 
 4 Small  Major - - 
      

B-5 1 Major - - - 
 2 Major Minor Yes - 
 3 Minor Major Minor - 
 4 Trace Major - - 
      

B-6 1 Major - - - 
 2 Small Major Minor Minor 
 3 Trace Major - - 
 4 - Major - - 

 
It is noticeable in Table 8 that substrate B-6 presents a distinct difference of 
phase distribution in Zone 2 in contrast to the other substrates. In view of the 
primary interest, Zone 2 is divided into two sub-zones equally, namely Zone 
2-I and Zone 2-II from the top down. SEM micrographs of substrate B-6 after 
reaction with slag in Zone 2-I and Zone 2-II were taken in Figure 24(a) and 
(b). The sample of B-1 is chosen as a reference to demonstrate the difference, 
SEM micrographs at the same positions were taken in Figure 24 (c) and (d). 
Briefly, the major differences between B-6 and B-1 are given in the below, 

1) In Zone 2-I, no spinel is found in B-6, while many unreacted spinel 
grains are seen in sample B-1. 
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2) In Zone 2-II, B-6 only has very small amount of liquid phase which 
contains 47 mass% CaO, 49 mass% Al2O3 and 4 mass% MgO. But 
the liquid phase in B-1, with a mean composition of 54 mass% CaO, 
40% Al2O3 and 6 mass% MgO is the major phase. 

3) In Zone 2-II, the presence of solid phase (spinel, CaO·Al2O3 and 
CaO·MgO·Al2O3 solid solution) occupies the most spaces of 
penetration channels in B-6. On the other hand, only a few 
CaO·Al2O3 grains are detected in B-1. 

 
Figure 24. SEM micrographs of sample B-6 in (a) Zone 2-I, (b) Zone 2-II 

and sample B-1in (c) Zone 2-I, (d) Zone 2-II. 

3.3 Dissolution of MgO based refractories in slag 
As already mentioned, the cube method is suitable for the investigation of 
the dissolution of MgO based refractories which are usually porous in nature. 
All types of MgO based refractories are provided in the form of cube. Four 
different types of MgO refractories described in section 2.2 were studied. 
Experiments were conducted at 0, 50, 100 and 150 rpm stirring speeds at 
1873 K. Experimental times ranged from 1 to 60 minutes. The experimental 
conditions are given in Supplement 5. 
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Figure 25. Photographs of four types of MgO cubes in the slag stirred at the 
speed of 50 rpm (a) B-6 cube after 10 minutes (b) D cube after 10 minutes 

(c) C-1 cube after 10 minutes and (d) C-2 cube after 1 minute. 

 
Figure 26. Photographs of C-2 cube in stagnant slag (a) after 3 minutes and 

(b) after 6 minutes. 

Figure 25 presents the photographs of MgO cubes after the reaction with 
liquid slag with the stirring speed of 50 rpm. For refractory cubes of B-6, C-
1 and D, it can be seen that after 10 minutes of stirring, the remaining 
refractory still closes to its originally cubic shape. C-1 cube presents the 
lowest rate of dissolution in comparison with the others. In contrast, C-2 cube 
vanishes even after 1 minute of stirring as shown in Figure 25(d). Only a few 
of small MgO particles are remained in the slag. It is worthwhile to mention 
again that C-2 refractory cube is from original C-1 refractory after 
decarburization. Photographs of C-2 cube after reaction with stagnant slag 
are shown in Figure 26. C-2 cube still remains after 3 minutes reaction. The 
presence of slag phase inside the cube is clearly seen. After 6 minutes, this 
cube dissociates into small pieces. 

The normalized length of LR defined in Equation (2) is used to describe the 
fraction of dissolution of MgO cubes, 
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In the equation, LR1 and LR2 (see markers in Figure 25(a)) are the lengths of 
the remaining MgO cube after dissolution experiments. L1 and L2 are the 
initial lengths of the MgO cube. 

 
Figure 27. Normalized length of the remaining cube as a function of stirring 

speed and time. 

Normalized length LR of different types of MgO cubes are plotted in Figure 
27. It should be mentioned that the results from cube types of C-1 and C-2 
are not given in this figure. This is because the dissolution of C-1 and C-2 is 
not comparable with other types of cube according to the results presented in 
Figure 25 and Figure 26. For B-6 cube as seen in Figure 27, after 6 minutes 
of reaction with slag, LR does not show significant decrease when the stirring 
speed varies from 0 to 100 rpm. A higher stirring speed of 150 rpm causes a 
large increase in the dissolution. However, the effect of stirring speed is 
enhanced as the reaction time is longer than 10 minutes. It is seen that the 
remaining size LR is decreased with the stirring speed up to 100 rpm. Note 
that further increase of stirring speed has little influence on the dissolution. 
As described earlier, D refractory cube is from a testing spinel bonded MgO 
brick. The production of this brick is based on the present fundamental 
studies. It is worthwhile to mention that according to the supplier, its physical 
properties are close to requirements for the lining. As a matter of fact, the 
relative velocity of top slag movement against the lining in the ladle 
treatment is expected to be similar as the stirring speed of 50 rpm in the 



35 
 

current work. As presented in Figure 27, the study of D cube dissolution is 
focused on the stirring speed of 50 rpm. It can been seen that the dissolution 
rate of D cube is faster than B-6 cube but the difference is not substantial. 

 
Figure 28. SEM micrographs of interface region between the remaining B-6 
cube and the bulk of slag at stirring speed of (a) 50 rpm for 6 minutes (b) 50 

rpm for 10 minutes (c) 100 rpm for 10 minutes. 
According to the dissolution results above, MgO based refractories behave 
very differently in dissolution. To gain a better understanding of the 
differences, some samples were subjected to SEM and EDS analysis. Figure 
28 and Figure 29 show the SEM micrographs of the interface region between 
remaining cube and slag bulk after the dissolution experiments. SEM images 
present layers outside the remaining core of the MgO cube, viz. slag-
penetrated layer and slag bulk layer. To present the layers clearly, dashes 
lines are marked on the images. 
In the layer of slag bulk, two different types of solid MgO particles are found 
in some samples as seen in Figure 28 and Figure 29. Similar to the 
observations in Figure 14(a), the first type is MgO precipitation in the form 
of dendrites in the slag phase. The second type is MgO islands as seen in 
Figure 28(b)-(c) and Figure 29. Those islands are believed coming from the 
original MgO cube by the detachment. 
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Figure 28(a) through (b) show the effect of reaction time on the morphology 
of B-6 cube along with the slag as the stirring speed is 50 rpm. The slag-
penetrated layer mainly comprises MgO islands (as the matrix) and liquid 
phase. Due to the dissolution of spinel particles and small MgO particles in 
B-6 cube, the concentration gradient is identified in the liquid phase of this 
layer. Comparison of Figure 28(a) and (b) indicates that the thickness of the 
penetrated layer increases with the increase of reaction time, which implies 
that the concentration gradient in this layer would be greater with the time 
since more and more spinel grains dissolved into the liquid. EDS was 
employed to analysis the variation of liquid composition with the layer. 
Position A in Figure 28 has the liquid composition of 54 mass% CaO, 31 
mass% Al2O3, 8 mass% MgO and 7 mass% SiO2, while position B contained 
43 mass% CaO, 42 mass% Al2O3, 9 mass% MgO and 6 mass% SiO2. 
Figure 28(b) through (c) present the effect of the stirring speed on the 
dissolution of B-6. The reaction time is 10 minutes. In contrast to Figure 
28(b), the slag penetrated layer almost vanishes when 100 rpm of stirring 
speed is used. It is clear that many MgO islands and particles have peeled off 
from the original slag penetrated layer into the bulk of slag, and consequently 
the penetrated layer becomes much thinner. 

 
Figure 29. SEM micrographs of interface region between the remaining D 
cube and the bulk of slag at the stirring speed of 50 rpm for 10 minutes. 

Figure 29 shows the SEM images of D cube along with the slag after stirring 
at 50 rpm for 10 minutes. It should be mentioned that this figure only contains 
the slag bulk and one part of the slag penetrated layer. Compared with B-6 
cube in Figure 28(b), the slag penetrated into D cube is deeper than B-6, it is 
about 2 mm in thickness. Apart from that, the concentration gradient in the 
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penetrated layer of D cube is smaller than that of B-6 cube after 10 minutes 
of reaction. 

 
Figure 30. SEM micrographs in the region of cube core in samples (a) B-6, 

(b) D and (c) C-1 with slag stirred at 50 rpm for 10 minutes. 

All the SEM images in Figure 30 were taken from the same position of cube 
core region. The cube core of B-6 as shown in Figure 30(a) mainly consists 
of three phases, viz. periclase phase as the matrix, spinel phase occupying 
the grain boundaries of MgO and traces of liquid phase. The morphology of 
cube core is very similar as B-6 cube before the reaction with slag as shown 
in Figure 20(b). On the contrary, in D cube (see Figure 30(b)) the liquid phase 
is the major phase at the grain boundaries. In the penetrating liquid, there are 
many unreacted spinel grains. Note that the spinel grain in D cube is larger 
than in B-6 cube. The major phases in C-1 cube as presented in Figure 30(c) 
are only periclase and carbon. 
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4. DISCUSSION 

4.1 Dissolution of dense MgO and spinel in slag 
The results in Figure 15 and Figure 16 suggest that the dissolution process of 
dense spinel and MgO in the liquid slag could be affected by two steps, 
namely (1) mass transfer in the slag phase mainly caused by forced 
convection and (2) chemical reaction at the solid-liquid interface. 
As shown in Figure 15(b), the effect of rotation speed on both cases of spinel 
and MgO dissolution is evident. As the rotation speed is higher, the 
dissolution rate in the liquid is enhanced. It suggests that dissolution process 
of oxide rod in liquid is (or partially) controlled by mass transfer in the slag 
phase. The results in Figure 15(b) and Figure 16 also reveal that the 
dissolution rate of spinel increases more profoundly with the increase of 
rotation speed in comparison with MgO. If assuming that the dissolution in 
both cases were solely mass transfer controlled, the dissolution rate would 
have shown the comparable dependency on the velocity of forced convection, 
since the mass of slag phase is identical. As mentioned previously, the liquid 
composition in the vicinity of the rod is quite close to the composition in the 
bulk of the slag. The fact that the liquid composition is far from the 
composition of equilibrium between the solid and slag suggests that the 
reaction between the rod and slag is not in equilibrium. Based on the above 
findings, it is reasonable to conclude that chemical reaction is one of rate 
controlling steps in the dissolution process. Hence, it could be concluded that 
the dissolution of both spinel and MgO in liquid slag is controlled by the 
combination of mass transfer and chemical reaction. 
Fox et al20, 55 suggested that chemical reaction control at oxide-slag interface 
was the main dissolution mechanism. However, the studies by Monaghan et 
al56-57 indicated the dissolution was at least in part controlled by mass transfer. 
As a matter of fact, the rate-controlling step in spinel and MgO dissolution is 
still not well understood, since it would be affected by many factors, such as 
slag composition, the properties of the oxides and even the experimental 
setup. 
The difference between the dissolution rate in spinel and in MgO is large. 
Assuming the chemical reaction is first order, the rate of dissolution could be 
described qualitatively by Equation (3), 

1 2

eq bulkdr C CA
dt R R

−=
+

   (3) 
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where dr/dt is the total dissolution rate, A is the interface area between the 
rod and slag. R1 is the resistance due to the mass transfer in the slag bulk, and 
R2 is the resistance of chemical reaction. The concentration of the oxide in 
the bulk of slag is Cbulk, and Ceq is the equilibrium concentration of oxide in 
the slag which is in equilibrium with the pure solid oxide. The difference 
between Cbulk and Ceq, the concentration difference ΔC, is the driving force 
for the whole dissolution process. 
Equation (3) shows that the dissolution rate is directly related to ΔC. 
According to the measurements, Cbulk in the case of spinel is approximately 
the same as Cbulk in the case of MgO. The term of Ceq could be determined 
by the phase diagram of CaO-Al2O3-MgO-SiO252 as presented in Figure 
31(a). The initial slag composition is marked in the system having 30 mass% 
Al2O3 in Figure 31(a). This figure suggests that the content of MgO in the 
slag in equilibrium with MgO is about 12 mass% at 1873 K. Although it is 
fairly difficult to determine the solubility of spinel from the phase diagram 
directly, a comparison with the system having 35 mass% of Al2O3 as 
presented in Figure 31(b) could help to predict the influence of Al2O3 content 
in the liquid phase on the solubility of MgO, as spinel contains mostly Al2O3 
in mass percent. 

 
Figure 31. The phase diagram of Al2O3-CaO-MgO-SiO2. (a) Having 30 

mass% Al2O3 and (b) having 35 mass% Al2O3.52 

In Figure 31(b), the liquidus line for the liquid-MgO equilibrium seems to 
shift to the MgO-rich side compared with the liquidus line in Figure 31(a). 
The present observation indicates that a somewhat higher solubility of MgO 
could be obtained at 1873 K, when the slag system has higher content of 
Al2O3. Thus, it is reasonable to expect that ΔC in the case of spinel 



40 
 

dissolution is larger than ΔC in the case of MgO dissolution. While a 
quantitative consideration will be difficult, the difference in ΔC between the 
two cases is true. In addition, considering the big amount of slag and the fact 
that the local chemical equilibrium at the slag-refractory interface is not 
reached, the driving force would be considered nearly constant in the 
dissolution process. The above discussion reveals that the larger driving force 
for spinel dissolution is the main reason for its faster dissolution rate in 
comparison with MgO. 

4.2 Resistance of MgO based refractories to slag penetration 

4.2.1 Effect of alumina addition 

The results in Table 4 reveal that the addition of colloidal alumina into MgO 
matrix has positive effect on lowering the porosity of the refractory samples. 
According to the morphology presented in Figure 17, the formation of spinel 
phase along the grain boundaries of MgO particles makes the main 
contribution to the dense structure. From the observations of SEM, the 
function of spinel grains in the refractory is bonding MgO particles together. 
This finding is in line with some previous studies.29, 58-59 They reported that 
the spinel particles helped to bond the MgO brick. The alumina provided in 
the form of colloids also helps the sintering process of the refractory. 
Colloidal alumina is composed of Al2O3 particles with finer size and 
colloidal suspension. The tiny Al2O3 due to its very large surface area could 
enhance the driving force of MgO-Al2O3 inter-diffusion, meanwhile the 
suspension could help reduce the self-agglomeration.39, 60 
As shown in Figure 21 and Table 6, A-1 and C-2 substrates have the same 
penetration behavior wherein the liquid is the major phase at the grain 
boundaries in the whole substrate, even though their MgO source and particle 
size are a bit different. For the cases of A-1, there is a large amount of big 
open pores in the substrate as illustrated in Figure 17(a). C-2 is from a 
decarburized MgO-carbon brick. Without carbon bonding, the structure of 
C-2 also contains a lot of large pores as presented in Table 4. It is well known 
that the open pores in the refractory are the main channels of slag penetration. 
The liquid could be easily infiltrated into those pores caused by the capillary 
force.61 
On the other hand, the results in Figure 21 and Table 6 also indicate that the 
addition of colloidal alumina could efficiently limit the slag penetration in 
MgO. Higher amount of alumina addition could enhance the resistance of 
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penetration. As it is observed in Figure 22, the liquid is no longer the major 
phase at the grain boundaries in Zone 3 of A-3 substrate, while in Zone 4, no 
liquid phase is detected. In a previous study by Ganesh et al 62, they also 
pointed out that the improved resistance of slag penetration in MgO 
refractory was attributed to the presence of spinel phase. 

 
Figure 32. Phase diagram of CaO-Al2O3-MgO52 with the compositions of 

the liquid phase found in different zones of A-3 substrate. 
The penetration mechanism in spinel bonded MgO refractory is discussed in 
detail in Supplement 3. The formation of spinel phase along the grain 
boundaries decreases the porosity of the A-3 substrate resulting in the 
reduction of capillary pressure. Spinel phase plays another important role in 
the resistance of slag penetration. According to the results of phase 
distribution in different zones, chemical reaction between spinel particle and 
liquid slag at the grain boundaries is evident. To gain a better understanding, 
Figure 32 illustrates liquid composition in different zones of A-3 substrate in 
the phase diagram of Al2O3-CaO-MgO ternary system.52 It is clearly seen 
that the composition of the liquid moves toward MA spinel phase from Zone 
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1 to Zone 3. This reveals the importance of spinel dissolution in the 
penetration process. The change of liquid composition also implies that the 
effect of spinel-slag reaction is more profound than the reaction between slag 
and MgO matrix. As shown in the previous section, the dissolution of spinel 
is found to be faster than MgO in the liquid slag at 1873 K because of its 
larger driving force. This finding is helpful to explain why the contribution 
of spinel-slag reaction is significant. 
During the penetration process, the dissolution of spinel particles would 
result in the increase of Al2O3 and MgO content in the liquid. As the liquid 
is saturated by the dissolved spinel, the solid phases (CaO·Al2O3 and 
CaO·MgO·Al2O3 solid solutions) could be precipitated at the grain 
boundaries. As more solid phases are formed, the spaces for liquid are 
reducing. As soon as the penetrating channels are completely taken by these 
solid phases, the penetration of slag can be blocked. 
Liquid viscosity could have certain influence on the slag penetration. The 
viscosity model developed by the KTH group was adopted to estimate 
change of the viscosity 63-64. As a result of the dissolved spinel phase, the 
viscosity values do have an increase with the depth, but changed slightly 
from 0.05 Pas to 0.08 Pas roughly. This implies that the effect of liquid 
viscosity would be small. The formation of solid phases at the grain 
boundaries is expected to be the dominant factor. As was mentioned in the 
introduction part, blocking the open pores of MgO matrix in the refractory 
seems to be accomplished according to the present findings. 

4.2.2 Effect of particle size distribution of MgO 

4.2.2.1 Particle packing model 

Previous studies indicate that there is a minimum porosity for the ternary 
mixture (small-medium-large particles) system, located either inside a 
triangle or at the small-large boundary line 53-54. The experimental results 
shown in Figure 19 are in line with the literature report. In order to gain a 
better understanding of the experimental data, a mathematical model was 
used to estimate the optimum packing of the binary system (the mixture of 
small and large particle).  
Since the dead burnt MgO powders have a continuous distribution of 
particles sizes between the maximum and a finite minimum size, a classic 
Andreasen model was employed to calculate the packing porosity. An 
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optimum particle size distribution is often expressed by Gaudin-Schuhmann 
function FGS (d) in Equation (4), 

max
( ) j

GS j

qD
F D

d
 

=  
 

 (0≤ Dj ≤ dmax, 0≤ j≤7) (4) 

where dmax is the maximum particle size of the system, equal to 1 mm; The 
particle size Dj can take one of the values of the cumulative particle size as 
shown in Table 1. Variable q is the Andreasen coefficient, which is based on 
differing grain properties like. For dry pressing, the coefficient equals to 0.37 
is commonly applied to obtain the optimum packing54. The packing of 
particles with a mixture size distribution can be written as, 

( ) ( )j i i jF D X F D=     (5) 

where Xi (i =1, 2, 3) is the fraction of component i, Fi(Dj) is the cumulative 
size distribution of the component i (see Table 1 for the detail). The porosity 
of the mixture system could be estimated by the difference between the actual 
particle size distribution Fi(Dj) and the ideal particle size distribution FGS (d). 
Thus, the packing porosity P can be calculated from Equation (6) 65.  
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The calculated porosity is plotted as a function of the fraction of MgO large 
particle in Figure 33. A comparison of Figure 33 and Figure 19 indicates that 
change of the experimentally obtained porosity as a function of large particle 
is in a reasonable agreement with the curve suggested by the model. In 
consistent with the experimental data, a minimum porosity could be 
predicted by the model at the fraction of large particle being about 0.5. It 
should be mentioned that in the model prediction the value of porosities at 
the fraction of 0 is higher than the fraction of 1, which in fact is not consistent 
with the plotted experimental results. One plausible reason for the higher 
porosity is the addition of colloidal alumina and high temperature sintering 
in the experimental samples. The microstructure has shown that the 
formation of spinel by addition of alumina behaves in different ways in the 
samples. Nevertheless, both the model calculation and the experimental 
results reveal the importance of particle size distribution. An optimum 
packing can be achieved by use of the proper size distribution. 
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Figure 33. Porosity of MgO substrates as a function of mass fraction of 

large particle by use of the packing model. 
Table 7 indicates that the particle size distribution of MgO has significant 
effect on the resistance of slag penetration. The results in Table 8 reveal that 
the penetration in MgO substrates with mixed particle sizes follows the 
mechanism which has been discussed in section 4.2.1. The discussion 
regarding the influence of particle size distribution on the resistance against 
slag penetration in MgO substrates is presented in detail in Supplement 4. 
Note that B-6 shows the best resistance to the slag penetration in all types of 
MgO substrates in this work. Based on the findings, the excellent resistance 
in B-6 is mainly caused by two factors. (1) A proper particle size distribution 
of MgO. According to particle packing model as shown in Figure 33, the 
particle size distribution of B-6 is closed to the optimum distribution in a 
particle range of 0-1 mm. B-6 obtains the densest structure. (2) Distribution 
of the spinel grains in MgO matrix. This factor has been clearly highlighted 
by the phase distribution with the penetration depth in Figure 24. 
The comparison between B-6 and B-1 has been made with respect to the 
phase distribution in Zone 2. The results indicate that the amount of dissolved 
spinel grains in B-6 is much larger than in B-1. As seen in Figure 20 (b), B-
6 substrate contains lots of large MgO particles, and thereby it will take 
longer time for the liquid to pass through the zones in B-6. This means that 
the liquid will have more contacting time with the spinel grains, which results 
in the enhancement of spinel dissolution in the liquid at the grain boundaries. 
The absence of spinel phase in Zone 2-I is the evidence in Figure 24(a). As 
the liquid goes down to the level of about 3 mm away from the top, the liquid 
gets saturated from the dissolved spinel. As a consequence, a large number 
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of solid phases are precipitated along the grain boundaries and eventually the 
penetration is suppressed as observed in Figure 24(b). 

4.3 Dissolution of MgO based refractories in slag 
As discussed so far, the developed carbon-free MgO refractory in present 
work shows a great resistance of slag penetration in comparison with the 
traditional MgO brick. It would be of interest to investigate its resistance 
against the dissolution in slag under the forced condition. The dissolution 
experiment was also conducted on an industrial spinel bonded MgO brick 
(type D refractory). For comparison, industrial MgO-carbon bricks are also 
studied. The discussion with respect to the dissolution mechanism is given in 
detail in Supplement 5. 
As shown in Figure 25(c) and Figure 30(c), C-1 cube coming from an 
industrial MgO-carbon brick shows the lowest dissolution rate in the stirred 
slag compared to other cubes. The presence of carbon in C-1 cube makes a 
profound contribution to resist the dissolution. Taking account into the real 
situation that MgO lining-slag reactions are mostly taking place at the 
decarburized layer, the discussion here will be focused on those refractory 
cubes without carbon bonding. 
The observations of SEM images in Figure 28 and Figure 29 illustrate that 
the dissolution of MgO cubes (B-6, C-2 and D) by forced convection is 
affected by the following steps: (1) external mass transfer in slag bulk, (2) 
internal mass transfer in the cube mainly caused by slag penetration, (3) MgO 
chemical dissolution and (4) mechanical peeling off of MgO particles. 
Regardless of the stirring speed and time, the liquid composition at the 
surface of the cube in most cases is very close to the initial slag composition. 
It indicates that the external mass transfer in step (1) is not the rate controlling 
step in the process. Thus, it is predicted that the dissolution in the stirred slag 
is mainly controlled by other steps. 
The presence of concentration gradient in the slag-penetrated layer as 
observed in Figure 28(a)-(b) and Figure 29 reveals that step (2) should be 
one of the controlling steps in the dissolution process. The formation of the 
slag penetrated layer is mainly due to the spinel-slag reaction along the grain 
boundaries of MgO cubes. Chemical dissolution occurred on the MgO 
particles in the slag-penetrated layer of the cube is more profound than that 
at the surface of the cube, because the total surface area of MgO particles is 
much larger than that of the entire cube. Therefore, step (3) is mainly 
determined by chemical dissolution of MgO particles in the slag-penetrated 
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layer. Nevertheless, the contribution of step (3) to the total dissolution rate 
of the cube is expected to be small, since MgO dissolution in general is very 
slow as demonstrated in Figure 16. For step (4), MgO islands and particles 
are evidently presented in the region of slag bulk in Figure 28(b)-(c) and 
Figure 29. It is also clearly seen that the number of those islands and particles 
are increased with increasing the stirring time and speed. As a consequence, 
the dissolution rate is enhanced significantly. Again, this study strongly 
suggests that the mechanical peeling off is an important step in the 
dissolution process. 
In contrast to B-6 and D cube, C-2 is fully falling apart after it is stirred in 
slag for only 1 minute. Even in stagnant slag, C-2 cube can be dissociated by 
the local flow after 6 minutes as presented in Figure 26. The local flow is 
mainly caused by slag penetration and natural convection in the cube. When 
50 rpm stirring is used, the influence of mechanical peeling off on C-2 cube 
is profound. The porous structure of C-2 cube leads to a low resistance to 
shear stress by the relative movement of slag. MgO particles at the surface 
of C-2 cube would start to be peeled off and very soon the entire cube would 
dissociate. As already mentioned, the decarburized layer in MgO-carbon 
refractory takes the main responsibility for the lining degradation. Present 
results have well reflected the truth of the ladle. 
On the other hand, dissolution of spinel bonded MgO cube (B-6 and D) in 
the slag with forced convection is much slower than C-2 cube. By the 
comparison of B-6 cube and C-2 cube, it is reasonable to conclude that step 
(2) by slag penetration is dominating, and a good resistance of slag 
penetration contributes to reduce the dissolution rate of MgO refractory. This 
fact is also supported by the result of C-1 cube dissolution. The presence of 
carbon effectively prevents the slag penetration, and thus the dissolution 
process in C-1 cube is very slow. 
As illustrated in Figure 28(a)-(b) and Figure 29, increasing the reaction time 
results in the increase in the thickness of penetrated layer, as well as the 
concentration gradient of liquid phase. Figure 28(a)-(b) and Figure 29 also 
indicates that the effect of 50 rpm stirring on the extent of peeling off is 
somewhat limited, since only a small part of slag-penetrated layer is removed. 
Therefore, it could be suggested that steps (4) combined with step (2) and (3) 
jointly control the dissolution rate of B-6 and D cube, when the low stirring 
speed (< 100 rpm) is used. From Figure 28(c), the higher stirring speed 
substantially increases the rate of “dissolution” by peeling off MgO particles 
from the penetrated layer, but the rate is increased slightly as the stirring 
speed is higher than 100 rpm. As long as the stirring is strong enough to 
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remove the slag-penetrated layer completely, the dissolution process is 
mostly controlled by step (2) that slag penetration dominates. This could 
explain why stirring speed higher than 100 rpm does not have great impact 
on the dissolution after 10 minutes. From the above discussion, it is suggested 
that the formation of slag-penetrated layer on the refractory is responsible for 
the peeling-off which results in faster dissolution. This finding is in fair 
agreement with the study by Huang et al. 49 It was also found that slag 
penetration affected the dissolution rate of MgO refractories greatly. 
The results in Figure 27 present that the dissolution of D cube is slightly 
faster than that of B-6 cube. Following the above reasoning, the fast 
dissolution in D cube could be explained by its relative poor resistance to 
slag penetration. As was discussed earlier, B-6 refractory was produced by 
adding colloidal alumina and it presents the best resistance to slag penetration. 
As a result of nano-size of Al2O3 particle in colloids, the particle size of 
spinel phase is at micro-level in B-6. The presence of micro-spinel is not only 
good for the densification process of the refractory, but also contributes to 
limit the slag penetration. The tiny spinel with huge surface area reacts with 
liquid slag very fast. However, by comparing the morphology in Figure 30(a) 
and Figure 30(b), the spinel particle size in D cube is larger than in B-6 cube, 
since the alumina particle in D cube is in the form of micro-powders. The 
influence of the spinel particle size could be brought up by two aspects. First, 
larger particle size of spinel in D cube has negative effect on the densification 
of refractory according to the results of porosity. Second, larger particle size 
of spinel would lead to a slower reaction with liquid slag. Nevertheless, the 
difference in dissolution rate between B-6 cube and D cube is not profound. 
In terms of production cost, using micro-alumina powders is economically 
beneficial for the refractory industry. 
The present results show good promise on using the spinel bonding to replace 
(or partially replace) carbon bonding in the lining material for making clean 
steel. It is worthwhile to mention that based on the present results, the 
refractory company has succeeded in manufacturing the new spinel bonded 
MgO brick by adding micro-alumina powders. This brick has reached the 
basic requirements for the lining. A small scale of industrial trial involving 
slag and steel will be conducted on this new brick soon. 
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5. SUMMARY 

To meet the high demand on the extra low-carbon steel and cleanness of steel, 
the carbon-free bonded MgO based refractory for the lining was developed 
in the present work. In this new refractory, alumina was added as the binder 
materials. Because of MgO-Al2O3 chemical reaction, this developed 
refractory was bonded by MgOAl2O3 spinel phase. The thesis works mainly 
included the fundamental studies on the reaction between MgO based 
refractories and slag at steel making temperature of 1873 K. 
In the first step, a new experimental method was developed for the study of 
dissolution. In this method, the cylinder was rotated concentrically in a 
crucible having a quatrefoil profile of internal volume. In comparison with 
the traditional rotating method, application of the new method could (1) 
produce a strong radial flow in the liquid that greatly enhance the mass 
transfer, (2) successfully reveal the dissolution mechanism. The result from 
an example of MgO-porous rod revealed that mechanical peeling off is one 
of important mechanisms that should not be neglected. 
For the fundamental studies, alumina in the form of colloidal suspension was 
used as the binder materials. Experiments were carried out to study the effect 
of alumina addition on the slag penetration of MgO based refractories. In 
contrast to the decarburized MgO-carbon refractory, the developed spinel 
bonded MgO refractory had profound improvement on the resistance of slag 
penetration. The limited penetration could be mainly attributed to the spinel-
slag reaction. As the liquid phase was saturated by spinel-slag reaction, solid 
phases of CaOAl2O3 and CaOMgOAl2O3 solid solutions precipitated at the 
grain boundaries and eventually blocked the further slag penetration. Based 
on the prior results, the effect of MgO particle size distribution on the spinel 
bonded MgO refractory was studied. Particle size distribution of MgO 
affected the resistance to slag penetration substantially. By means of a proper 
particle size distribution, the refractory presented the best-performing of 
resistance to slag penetration. The selection of raw materials should take the 
particle size distribution into account. 
Based on the fundamental studies, industrial bricks with spinel bonding were 
designed and produced using alumina powder of micro-size. Dissolution 
mechanism of MgO based refractories in liquid slag was investigated. The 
dissolution rate of refractories was found to be directly related to their 
resistance against slag penetration. Compared with the decarburized MgO-
carbon refractory, spinel bonded MgO refractory had considerably better 
resistance against dissolution in slag. For the spinel bonded MgO refractory, 
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mass transfer by slag penetration in the slag-penetrated layer of the refractory 
was the rate controlling step in the dissolution process, as the slag was stirred 
at relative low speed (< 100 rpm). As long as the shear stress by stirring was 
strong enough that the penetrated layer could be removed constantly, the 
dissolution process was subsequently controlled by the mechanical peeling 
off. 
In terms of resistance against slag penetration and dissolution, the developed 
spinel bonded MgO refractory had considerably better performance than the 
decarbonized MgO-carbon refractory. Besides, the cost of production is 
reasonable. In view that this type of carbon-free MgO refractory can be a 
promising potential candidate to replace the present commercial carbon 
bearing MgO lining. 

6. SUGGESTIONS FOR FUTURE WORK 

• The findings of the present work suggest that colloidal alumina or 
micro-alumina can be a potential bonding material to replace or at 
least partially replace the carbon bonding in MgO based refractory. 
Investigations on the mechanical properties of developed carbon-free 
MgO refractory have not been considered in this work, while the 
mechanical study is crucial for the practical applicability of this type 
of refractory. Therefore, the mechanical properties should be studied 
and the effect of experimental temperature should be considered 
seriously. A special attention is proposed to give to the resistance of 
thermal shock in the refractory. 

• Preliminary study on the use of micro-alumina is done in the present 
thesis. The result of this study gives the lights on the importance of 
the particle size of alumina addition. Therefore, it would be 
interesting to investigate systematically the effect of particle size of 
alumina on the development of MgO based refractory. 
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