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Abstract
Iron is one of the most important resources that can be found in the lithosphere; 90 % of all 
metal ores extracted are iron ore. Many steps are included in the extraction from iron ore to 
metallic iron, where the processes vary between different producers. Iron ore pellets, are a 
prepared burden material for ironmaking in the blast furnace. Such pellets are commonly 
sintered in a grate-kiln furnace system, where the kiln usually is insulated with mullite 
containing bricks. Different mechanisms wear these bricks and they need to be replaced 
regularly and this causes production stops. The slag present in the kiln consists of ~95 % 
hematite, alkali-, alkaline earth- and other oxides, mainly from pellets that have disintegrated 
and adheres in chunks on the bricks.

This study is focusing on the interaction between refractories and slags that occurs in kilns 
during the sintering process in the iron ore pellet production. Results are shown from lab scale 
experiments, and from samples collected in industrial furnaces, commonly called rotary kilns. 
Slag/brick compatibility tests were performed in a laboratory furnace at various temperatures, 
holding times and atmospheres. Slag collected from a production kiln and three commercial 
bricks, in powder or solid form, were used. Deliberate additions of alkali species were included 
in order to evaluate their influence.

XRD, DSC, TG and in-situ mass spectrometry confirm that addition of alkali dissolves the 
mullite in the bricks, and forms the phase nepheline (Na2O·Al2O3·2SiO2), which disintegrate to 
an amorphous phase at elevated temperature. QEMSCAN were used to view mineralogical 
mappings of different chemical phases by field image scans. It was found that when alkali 
penetrates the surface of the brick, besides formation of nepheline, phases as kalsilite 
(K2O·Al2O3·2SiO2), leucite (K2O·Al2O3·4SiO2) and potassium -alumina (K2O·11Al2O3) are 
formed. Also seen is that potassium penetrates deeper, and in larger amounts than sodium in 
the lining material. Formations of alkali containing phases as the feldspathoid minerals kalsilite 
and nepheline are coupled to an expansion in the lining material, observed by dilatometry, 
causing structural spalling observed as cracks in some of the slag/brick compatibility tests. 
Grains of hematite with sizes between 50-100 m stay on the original surface of the brick, 
while micrometer sized hematite migrates through the partly dissolved brick by capillary 
infiltration and diffusion, and appears in needle formations deeper in the lining material. We 
propose a wear mechanism of the bricks in an iron ore pellet producing kiln that involves these 
chemical reactions in combination with erosion by the continuously flowing slag. 
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1. Introduction 
Mankind has extracted iron from different ores in the bedrock since around 1800 B.C. when 
the early Iron Age started in India [1], but rare findings of man created tools of iron are 
believed to be dated to 5000 B.C. or even earlier, extracted from ferrous iron found in the 
nature in the form of meteorites [2, 3]. Bronze was earlier used to produce tools, but during 
the early Iron Age smelting techniques were developed so that iron with a higher melting 
temperature could be extracted. The methods have been refined during the years, but parts of 
the processes have been more or less the same for hundreds of years. Today, the producers 
mainly mine hematite- (Fe2O3) or magnetite-ore (Fe3O4). The year 2007 around 1,900 Mt. 
iron ore was mined worldwide in about 50 countries, where the biggest producers were: 
China (31%), Brazil (19%), Australia (17%), India (8.3%), Russia (5.7%), Ukraine (3.9%), 
U.S.A. (2.7%), South Africa (2.1%), Canada (1.7%), Sweden (1.3%), Kazakhstan (1.2%), 
Venezuela (1.1%) and Iran (1.1%) [4]. The mined ore can be used directly as lump ore, or 
converted to briquettes, concentrates, sinter, fines or pellets. 

The release of iron from the chemical bonded oxygen is the main objective in ironmaking, and 
the most efficient process known today is reduction by coke in a blast furnace; a type of 
furnace used in China since around 500 B.C. Abraham Darby refined the blast furnace process 
by using coke instead of charcoal, making the first blast in 1709 even if the application stayed 
limited until the 1750’s; an invention that started a major expansion of iron trade, being one of 
the first and most important step of the industrial revolution [1, 5]. 

An important improvement in ironmaking during the 20th century was the development of the 
pelletizing process. Pelletizing of iron ore is a method of Swedish origin, patented 1912 by 
A.G. Andersson. After having been reinvented in United States in the 40’s, the first 
commercial plant started in Babbit, Minnesota, 1952 [6]. Different minerals such as quartzite, 
dolomite or olivine added to the pellets act as slagformers, and these reactants do not have to 
be added separately into the blast furnace process. Earlier used for pelletizing was the shaft 
furnace, but today there are two main processes used for pelletizing: the traveling grate and the 
grate-kiln process. The traveling grate process uses a stationary bed of pellets, which transport 
the pellets through the entire process, including zones of: drying, oxidation, sintering, and 
cooling. The grate-kiln process uses a shorter grate, and the oxidation and sintering are 
accomplished in the kiln, a rotating furnace that achieves a more homogenous induration in 
the pellets [7]. The first iron ore pellet plant of grate-kiln type started in Humboldt mine 1960 
and today there are 35 such pellet plants of Allis-Chalmers type globally, and a few of other 
types. The pelletizing process is today also adapted in the extractment of other metal ores. 

High temperatures are applied during iron- and steelmaking, and during preparation of burden 
materials. The furnaces used are insulated with refractory materials, often in the form of oxide 
based bricks. In an environment such inhospitable with extremely high temperatures, molten 
metals, slags, alkali-vapors and mechanical strains, refractory life is limited. It is important to 
extend the lifetime of the bricks that serve as refractory liners in the sintering process in iron 
ore pellet production. This work is a part of a project that aims to better understand the 
mechanisms that takes place in the region between slag and bricks. This might lead to 
suggestions how to improve the lifetime. 
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2. Background 
Solid materials can be classified into three different groups by their properties: metals, ceramics 
and polymers. Another difference that can be stated is between crystalline and amorphous 
materials, where the crystalline materials are constructed by a lattice with a repeated symmetry 
and where the amorphous materials can be characterized by their irregular structure. All 
metallic materials, many ceramic materials and a few polymeric materials form crystalline 
structures under normal solidification conditions, while a few ceramics (glasses) and most 
polymers have an amorphous structure. A metallic material is bonded together by nonlocalized 
electrons, so called metallic bonding. Metals are good conductors of heat and electricity; they 
are strong but deformable and not transparent to visible light. Polymers include plastics and 
rubber materials, most of them chemically based on carbon and hydrogen. They have a large 
molecular structure, a low density and are often extremely flexible. Ceramics are most often 
compounds between metallic and nonmetallic elements bonded together by covalent or ionic 
bonds, or most often a combination of both. They form oxides, nitrides, borides or carbides 
and have been in use by mankind since around 30,000 B.C. which is by far longest time of the 
above mentioned materials [8]. Ceramics are insulators of heat and electricity and are more 
resistant to high temperatures and rough environments than metals and polymers. The strong 
bonding contribute to their excellent properties as high Yougs’s modulus and hardness, low 
thermal expansion, and high melting temperature but also contribute to their disadvantage of 
being brittle. Ceramics can be divided into different subgroups, based on their applications [9], 
seen in figure 1. 

CeramicsCeramics

GlassesGlasses Clay-
products

Clay-
productsAbrasivesAbrasives RefractoriesRefractoriesCementsCements

WhitewaresWhitewaresGlassesGlasses

FireclayFireclay

Advanced 
ceramics

Advanced 
ceramics

Glass-
ceramics
Glass-

ceramics

SilicaSilica SpecialSpecialBasicBasic

Structural
clay-products
Structural

clay-products

Figure 1. Ceramic materials divided into subgroups by their properties. 
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Glasses – belong to a noncrystalline group of ceramics including containers, windows, 
lenses and fiberglass. They are based on silicates also containing other oxides, usually 
calciumoxide (CaO), sodiumoxide (Na2O), potassiumoxide (K2O), and 
aluminiumoxide (Al2O3). Most inorganic glasses can from their amorphous state 
transform into a crystalline state by a proper high temperature treatment. The product 
is a fine grained polycrystalline material that is often called a glass-ceramic. 
Abrasives – are used to wear, grind or cut other softer materials. These materials are 
characterized by hardness and wear resistance. Diamonds are used as abrasives but they 
are rather expensive. Other more common ceramic abrasives are siliconcarbide (SiC), 
tungstencarbide (WC) and aluminiumoxide (Al2O3).
Clay products – are widely used material according to the cheap ingredients and the 
easiness that they can be formed to useful products. Structural clay products include 
building bricks and the whitewares includes porcelain and sanitary ware. 
Cements – belong to a group of ceramics that besides cement also include plaster of 
paris and lime. These ceramics can be mixed with water, forming a paste that hardens 
to concrete or gypsum.
Refractories – used as thermal insulators, are marketed in varied forms where bricks are 
one of the most common.
Advanced ceramics – belong to a group that include ceramics optically, electronically, 
and magnetically properties. Complex materials like lead zirconate-titanate and sodium-
potassium niobate can be found among those materials. 

2.1. Refractory materials 
Refractories are in contrast to other ceramic materials, an extremely heterogeneous multi-
component system of minerals and ceramic materials with coarse particles between up to 1 cm 
and down to below 1 m [10]. Coarser particles are bonded together by a matrix of 
interlocking crystalline structure or a glassy structure [11]. This matrix may be self-bonded, 
where grains are sintered together without sintering aid; ceramic-bonded e.g. corundum grains 
bonded by a mullite phase or silicon carbide bonded by silicon nitride phase; or chemical-
bonded e.g. by phosphate. These bonding systems determine most of the refractory properties 
[12].

The main function for a refractory lining is to serve as a thermal insulator, but even if some 
heat reflects from it and some of it is stored in the refractory structure; at high temperature 
processes some of the heat energy flows through the lining material. Another request on the 
lining material is that it retains its shape and chemical identity when it is exposed to extremely 
high temperatures and corrosive environments. To maintain insulation properties, and make 
the refractories less sensible to thermomechanical strains caused by temperature variations, they 
also consist of an apparent porosity, which usually varies between 10-25%. There are also 
extreme refractory materials with even higher porosity, and others that are almost dense [13]. 

There are different classifications of refractories, and they can be divided into subgroups by e.g. 
if being oxide or non-oxide or by their refractoriness (i.e. high temperature resistance). Oxide 
refractories can be classified after how acid they are. In analogy with pH and donation and 
accepting of H+ and OH— ions; an acid is a compound able to donate cations or accept anions; 
and correspondingly, a base is a compound able to accept cations or donate anions, according 
to Brønsteds theory [14]. An acid oxide (i.e. silica) is dominated by covalent bonding and has 
consequently a stronger attraction force between the cation and anion, than basic oxides (i.e. 
Na2O) dominated by ionic bonding. 
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The Si4+ is by far the most common cation in the Earth’s crust. 92% of the earth’s crust consists 
of silicates [15], therefore it is natural that oxide refractories mainly consist of silicates, often 
together with aluminates. Together with mentioned Al2O3 and SiO2, refractories in general 
mainly consist of CaO, TiO2, MgO and Cr2O3 [16]. Besides these main oxides, traces of ZrO2,
Fe2O3, Na2O, K2O et al. commonly appear; accessory oxides that use to be considered as 
unimportant, now recognized to often be controlling factors in the performance of the lining 
material [12]. Siliconoxide (SiO2) and aluminiumoxide (Al2O3) are often referred to as silica 
and alumina, or quartz and corundum respectively which are forms of these oxides. 

An increased alumina concentration are often used to increase the high temperature resistantce, 
and the alumina-silica ratio are often stated, with classifications as high silica bricks (SiO2 >
93%) fireclay bricks (SiO2~ 45% and Al2O3~ 55%) and high alumina bricks (Al2O3 > 56%), 
concentrations that varies a lot from sources and have to be considered as approximations. 

Al2O3 and SiO2 in the ratio 3:2 form the mineral mullite during heat treatment in the 
manufacturing of bricks, which has a high melting temperature, low thermal expansion and 
low thermal conductivity. Mullite has the mole fraction Al4+2xSi2-2xO10-x where x is the number 
of oxygen vacancies, and varies between around 0.2 and 0.9; but it is commonly expressed on 
oxide form as 3Al2O3·2SiO2 [17].

Besides oxide refractories, there are lining materials bonded by SiAlON, nitrides, carbides or 
borides. In table 1 some common refractory materials and some of their properties are shown 
[18, 19]. 

 Melting 
temperature [C°] 

Youngs modulus 
[GPa]

Mohs hardness 

Silica [SiO2] 1725 70 7 
Alumina [Al2O3] 2050 395 9 
Magnesia [MgO] 2840 205 6 
Zirconia [ZrO2] 2680 225 8 
Mullite [3Al2O3·2 SiO2] 1840 145 8 
Spinell [MgO·Al2O3] 2135 260 8 
Silicon carbide [SiC] 2300 345 >9 
Silicon nitride [Si3N4] 1900 305 >9 

Table 1. Properties of some common refractory materials. 

2.1.1. Use of refractories 
The variation on high temperature processing applications in industry demands great diversity 
in the supply of refractory materials. Different refractories constituted by different minerals and 
ceramic materials with various grain and pore size are used for different applications. In times 
of effectiveness, price is one of the largest parameters in choice of materials. Atmospheres, 
thermal conditions and corrosive agents present are also decisive parameters.  

This study focus on refractory bricks, for use in rotary kilns in iron ore pellet production. The 
dominant constituents in all three bricks used in the study, and in the industrial kilns, are 
alumina (Al2O3) and silica (SiO2) in different amounts, along with traces of other oxides. These 
types of mixtures are commonly used as lining materials in this application. 

2.1.2. Wear of refractories 
During their service as insulating materials in different furnaces and applications, the 
refractories are exposed to different wear mechanisms in combined action. In general, the key 
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for a long refractory life is to maintain a steady operation. In this section the different wear 
mechanisms and how they are used to co-work with each other, are described. 

Chemical attack 
During metallurgical processes refractory linings are exposed to molten metals, slags, alkali 
vapors and fumes, which all may react chemically with the lining material.

If a refractory lining will be wetted, depends on surface energy and viscosity. When a porous 
material as a refractory brick is wetted, it is usually followed by capillary infiltration and the 
chemical attack is initiated. The difference in capillary pressure is the driving force behind 
infiltration. It can be derived from Archimedes’s principle (Eq. 1), where the difference in 
pressure depends on the density [ ], gravitation [g] and the height of infiltration [h]. 

r
gh sf cos2

     (1) 

According to Kelvin’s equation [20], which originates from Archimede’s principle, the 
hydrostatical capillary pressure depends on the surface energy between the materials in contact 
with each other [ sf], the wetting angle [ ] and the radius of the pore [r], which is 
approximated as circular. By the capillary infiltration slags or gases penetrate the pores in the 
hot face of the refractories where chemical reactions, phase transformations and diffusion occur 
at high temperatures [11]. Alkali attack on aluminosilicate refractories occurs by formation of 
low-melting alkali-silica glassy phases at the grain boundaries and at the surface. Susceptibility 
to progressive corrosive attack can be critically affected by the viscosity of such molten phases 
on the refractory surface [21]. Attacks on the refractories caused by a slag, as such chemical 
reactions, make the refractories less resistant to mechanical actions such as corrosion and 
abrasion.

Corrosion
Corrosion is an electrochemical process that occurs as a result of chemical incompatibility 
between slag and refractory, and occurs after wetting of the refractories and penetration in the 
pores by slag. With a totally dense refractory infiltration and corrosion would be avoided, but 
the resistance to spalling caused by thermal shock would be very weak [22]. Refractories 
commonly contain SiO2 which are holding the oxygen atom less tightly than Al2O3 [23]. 
Therefore basic oxides such as Na2O, tends to react with acid oxide SiO2 before it react with 
the amphoteric oxide Al2O3. Corrosive reactions can be complex, involving diffusion, 
absorption, surface reaction processes and dissolution; phenomena’s that finally lead to 
decomposition [24]. In general, corrosion increases with temperature. 

Erosion
Erosion is the chemical and mechanical decomposition of the refractory material, and occurs 
on corroded surfaces. The hot face of the refractory material, which is exposed to the slag or 
molten metal, forms after some time of use at high temperature, a reaction layer. This laminar 
layer of smooth refractory surface has a flow in the exposed hot face, and lining material 
released from the refractories, migrates in the neighboring slag or molten metal [22, 23]. 

Abrasion
Abrasion is the process in which hard particles or protuberances are forced against a solid 
surface and moved along it. The resistance to abrasive wear is in general related to the 
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material’s hardness. This process can initiate nucleation of microcracks, by several different 
mechanisms in a plastically deforming field, which can be divided into three main categories: 

Dislocation pile-ups 
Twin intersection 
Strain incompatibility 

The amount of microfractures at the sliding interface depends on the stresses imposed on the 
surface [25]. Forces of friction arise in a tribological behaviour. Tribological studies on 
alumina, containing silica as sintering aid, have shown that the main wear mechanism at 
temperatures below 200ºC is tribochemical: water vapor forms aluminiumhydroxide film on 
the surface, which decrease the refractory properties; between 200ºC and 800ºC the wear 
mechanism is primarily controlled by plastic flow and plowing (at loads < 20N) and 
intergranular fractures (at loads > 20N); at temperatures above 800ºC a silicon-rich layer forms 
on the surface, by diffusion and viscous flow of a glassy grain boundary phase, which easily can 
deform [26].

Adhesive wear 
Large areas of contact at sliding interfaces, results in higher adhesive wear. If also at least one of 
the sliding materials is a poor electrical conductor, electrical charge generation can occur. 
Attractive forces arising from this phenomenon can contribute to the adhesion at the sliding 
interface, increasing the friction and the abrasion [25].

Spalling
Spalling is when fragments of refractories spalls off from the face, by cracking and rupture. It 
can be divided into mechanical-, structural- and thermal-spalling.  

Mechanical spalling occurs at high stress contact or impact, where the maximal shear 
stress appears just below the surface, instead of at the top of the surface, shearing the 
spall off. Non-uniform forces acting on the lining material, is the cause of this fracture 
mechanism [27]. 
Structural spalling is caused by changes in the structure; e.g. it can occur when an oxide 
based brick reacts with alkali, and form a phase with lower density that causes a volume 
expansion, forming cracks in a so called alkali bursting [11]. 
Thermal spalling is when surface material cracks and breaks off due to variation in 
temperature. The complex physical mechanism that causes thermal spalling are not well 
understood [28], but earlier studies [29] indicates that a high surface heat flux, a high 
moisture content, a low permeability and a high initial compressive stress, increase the 
risk for thermal spalling. However, at high temperatures the bond in the glassy phase 
can become viscous, which increases its property to stand thermal variations. The risk 
for thermal spalling increases largely, when refractories are exposed to thermal shock. 

Thermal shock 
Due to different thermal expansion coefficients for different constituents in the refractories, 
cracks can initiate at quick temperature changes in the material. These cracks commonly 
appear at the weaker grain boundaries. A dense brick without pores will have very low 
resistant to thermal shock, even if it will have a high resistance against infiltration and corrosion 
[22]. Thermal spalling caused by thermal shock occurs by the fracture mechanism initiated by 
thermal stresses [27]. 
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2.2. Iron oxides 
Fe2+ is the most common valence state of iron in the Earth’s crust. When iron containing 
minerals are exposed to water and oxygen, the valence state Fe3+ is formed by hydrolysis and 
oxidation [30]. The most stable iron oxide is -Fe2O3 (hematite), which contains Fe3+ and has a 
hexagonal close packed structure (rhombohedral), isomorphic to -Al2O3 (corundum).
FeO·Fe2O3 or Fe3O4 (magnetite) is another common iron oxide, containing iron of both 
valence states. It has the cubic structure of inverse spinel. The metastable oxide -Fe2O3

(maghemite) has the same structure as magnetite. The presence of vacancy sites distributed on a 
cation sublattice, is the most important difference between them. It is an intermediate phase 
when magnetite is oxidized to hematite [31]. Both Fe2O3 and Fe3O4 can create solid solutions, 
and substitute the Fe2+ and Fe3+ ions with e.g. Al3+, Cr3+, Mg2+, Mn2+, forming minerals as e.g. 
Mgo·Fe2O3 (magnesioferrite) and FeO·TiO2 (ilmenite) [30]. Limonite or bog iron is a mixture 
of iron oxides and hydrated iron oxides in an amorphous substance, where goehtite 
(FeO(OH)) often is the main constituent. It was earlier commonly used as a source of iron, 
and is still at small extent used as a source for pig iron; reduced by blast furnace or the 
hydrometallurgical Caron process [32]. FeO or Fe1-xO (wüstite, where 0.83<1-x<0.95) can 
only be obtained as a metastable phase under 567ºC if the heated material are rapidly quenched 
from the equilibrium region, and has defective NaCl structure [30]. Condon et al. [33] 
observed that wüstite and hematite could coexist in, as they called it, a biphase. Those two 
phases forms islands in a hexagonal superlattice, involving long-range ordering of the islands. 
An -Fe2O3 with a monoclinic unit cell has also been proposed by Schrader and Büttner [34]. 
Figure 2 shows the Fe-O phase diagram.

Figure 2. The Fe-O phase diagram. 
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2.3. Refinement of iron ore 
Mined iron ore can be used directly as lump ore, or converted to e.g. pellets. During iron ore 
pellets production, the ore is crushed into a powder, mixed with additives and a binder and 
rolled into green balls (10-14 mm in diameter) that are sintered to pellets in a furnace. A grate-
kiln furnace can be used to achieve this induration in the pellets. The additions made to the 
ore concentrate, is made to improve the mechanical and metallurgical properties of the pellets. 
The total residence time of the pellets, to travel through the grate-kiln furnace system, is 
around one hour [7, 35]. 

Rotary kilns, can be used not only for refinement of iron ore, but also for drying or sintering 
in a lot of different applications, e.g. in processing of other raw minerals, heat treating of 
hazardous waste, lime regenerating or in production of Portland Cement. Their design varies 
with application, and they can be classified in groups as following [36]: 

Wet kilns – are kilns that are usually fed with slurry materials, and therefore have 
lengths of the order 150 – 180 meters, so that drying, pre-heating and calcinations can 
all occur in the kiln. Commonly used as lime mud kilns. 
Long dry kilns – are kilns with lengths of the order 90-120 meters. As previous type, 
drying, pre-heating and calcinations all occur in the kiln. Commonly used in the 
cement industry. 
Short dry kilns – are kilns with lengths of the order 15-75 meters, usually accompanied 
by an external pre-heater (e.g. a grate as in this study). When the calcinations of the 
feed have started in the pre-heater, a shorter kiln can be used. Commonly used in 
refinement of metal ores. 

A typical rotary kiln used in iron ore pellet production, can have a length of 40 meters, a 
diameter of 7 meters, and is fired by coal or natural gas. The refractory lining in them are 
bricks, often based on Al2O3 and SiO2. Such bricks wear and after some time they need to be 
replaced. Thermal shock by temperature gradient at starts and stops in the operation together 
with mechanical strain may cause urgent stops in the drift, due to fall outs of bricks. Various 
Al2O3 concentrations in the refractories are used by different production sites and at different 
locations in the kilns, sometimes as high as 90 %, to increase the refractive properties of the 
bricks. Then to avoid thermal spalling the porosity is increased, which can lead to higher 
infiltration. Another parameter to take into consideration is that the price of refractories 
increases with higher Al2O3 concentration.

The Swedish mining company LKAB (Loussavaara Kiirunavaara AB) mines at present iron ore 
at two different locations (Kiruna and Malmberget) in the northern part of Sweden (see figure 
3). At these locations they also have pellet plants, as well as in Svappavaara. The products are 
transported by train to Narvik, where a harbor is situated for further transports, and to Luleå 
where the company SSAB has a steel plant. In connection to this steel plant, LKAB have a 
research and development division. 
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Figure 3. Locations of activities for mining the company LKAB [35]. 

The predominant ferrous mineral in LKAB’s mines is magnetite (Fe3O4), but some hematite is 
also present in some deposits. In four out of their six pellet plants, they are using the grate-kiln 
furnace system (figure 4) to sinter the pellets. 

Figure 4. Schematic outline of the warm parts in a pellet plant. 

During heat treatment in the grate-kiln furnace system the milled magnetite ore, formed into 
pellets, transforms into hematite ( -Fe2O3) by the exothermic reaction: 

4 Fe3O4 (s) + O2 (g)  6 Fe2O3 (s)    (2) 

The oxidation of the magnetite pellets takes place into two stages. The first stage is between 
200 and 350ºC, where a topochemical low-temperature oxidation to maghemite ( -Fe2O3)
takes place. The second stage of oxidation starts at 400ºC and leads to totally oxidized grains at 
around 900 to 1100ºC, depending on the particle size, oxygen partial pressure etc [37-39].  

Iron ore pellets are appropriate to be smelted and reduced to hot metal in a blast furnace, by far 
the most common reduction method. Ferric burden material is together with coke charged 
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through the top of the blast furnace. Hot blast or oxygen is blown through the tuyeres 
(nozzles). The reductants are combusted by oxygen in the hot blast, which aims to reduce the 
burden material to steel [40]. The method can also be used to reduce other metals. Figure 5 
shows the blast furnace number 3 at SSAB’s steelplant in Luleå. 

Figure 5. The blast furnace number 3 at SSAB’s steelplant in Luleå. 

Direct reduction (DR) of fines or DR-pellets, is a method often used by steelmakers who have 
access to cheap natural gas. The iron ore is reduced at a temperature below the metal’s melting 
point, and originates from the Wiberg-Söderfors method developed in Sweden 1918 [41]. The 
largest advantage with DR is that it does not require cokemaking and sintering, and has very 
low energy consumption [41, 42]. The burden material is partially reduced so that FeO co-
exist with metallic iron in the product. Gangue remains in the spongelike product, and have to 
be removed in a subsequent steelmaking process. Less than 5% of all iron is reduced by this 
method.

Smelting reduction (SR) is a method still used in a very small scale, but development of the 
process is in progress. In this method, gas with low temperature is blown into the molten iron 
from the bottom of the furnace, and act endothermic by absorbing heat from molten iron 
oxide, which is reduced by either solid carbon or a carbon saturated liquid iron bath. The 
method (SR) has a potential to increase its occurrence, when it have some advantages 
compared to blast furnace reduction, such as: high production rate, flexibility of feed material, 
environmentally beneficial and low capital and operating costs [43, 44]. 
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3. Materials 
The refractory material studied is used commercially as a lining in industrial rotary kilns for 
iron ore pellets production. It was obtained from Höganäs Bjuf AB in the form of bricks, and 
machined to crucibles or milled to a powder for different experiments. Three types of bricks 
were used: Victor HWM, Alex and Silox 60. 

The brick Victor HWM is based on bauxite while Silox is based on andalusite and the Alex 
brick is based on chamotte, reinforced with bauxite. Their porosity is between 15 and 20 % 
and their density 2500-3000 kg/m3.

Chemical compositions serve as a basis for classification of refractories, and give a hint about 
their refractoriness, temperature resistance, and chemical properties [12]. The compositions of 
the three brick types used are shown in table 2, represented as the most stable oxide. 

wt% Victor HWM Alex Silox 60 

Al2O3 ~73 ~58 ~60 

SiO2 ~26 ~36 ~37 

CaO 0.2 0.3 0.1 

TiO2 2.7 2.1 1.5 

Fe2O3 1.1 1.4 0.9 

Alkalis 0.3 1.3 0.5 

Table 2. Nominal chemical composition of three commercial bricks based on datasheet from the producer. 

The slags used in this study were collected in a LKAB production kiln located in Svappavaara, 
Sweden, during two production stops one year apart (September 20, 2005 and September 26, 
2006). The slags were extracted at different locations along the process line. The compositions 
and locations of the slag are shown in table 4, in section 5.2.  

Additives used were CaO, K2CO3 and Na2CO3 (all from Merck, 99.9 wt% purity). 

Samples of bricks that has served as refractory liners in a production kiln, with slag adhered to 
their surfaces, were collected at different locations in a LKAB production kiln located in 
Kiruna (labeled KK2), Sweden, under a production stop (June 8, 2008).
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4. Experimental 

4.1. Heat treatment 
Crucible/slag reaction tests are commonly performed to investigate reactions that occur 
between lining material and slag and/or alkali [45]. These tests were performed at different 
combinations of slag composition, time and temperature for all three crucible materials (Victor 
HWM, Alex and Silox 60). Crucibles were machined of bricks in their as fabricated condition, 
with dimensions of 40x40x50 mm. The diameter of the cylindrical cavity was 16 mm, with a 
depth of 25 mm. Each cavity was filled with 8 g of slag, milled to a fine powder. The crucibles 
were heated to different temperatures near the process temperature in the kiln for different 
holding times. The experimental conditions are given in appended paper 1 [46]. The slag types 
are denoted A and B and their compositions are given in table 4, in chapter 5.2. Alkalis in the 
form of carbonates were added at a few occasions, corrosive agents used simply to accelerate 
the tests. 

After heat treatment the crucibles were cut in two parts along the center of the cavity to 
facilitate further investigation of the slag-brick interface. Selected interfaces were polished and 
carbon sputtered prior to analyses. 

In order to accelerate any chemical reactions by increasing the surface area, different brick- and 
slag powder mixtures were prepared by ball milling. Powder mixtures were prepared with 50 
wt% slag (denoted C in table 4) and 50 wt% as fabricated Victor brick. In some cases deliberate 
additions of alkali were used. Powder mixtures were then heat treated to various temperatures, 
and afterwards analyzed by XRD. 

4.2. Optical- and scanning electron microscopy  
In order to evaluate reactions and wear mechanisms that have occurred, different types of 
microscopy were used. The microstructure of heat treated crucibles was studied in an optical 
microscope (Moritex MS-500C, using the software Soft imaging system ADDA II). The 
samples were also investigated in a scanning electron microscope equipped with an x-ray 
energy dispersive detector for chemical analysis (SEM/EDX: JEOL JSM-6460, Link, software 
INCA), and in a QEMSCANTM E340 (Quantitative evaluation of mineralogy by scanning electron 
microscopy) (SEM/EDX) using the software iDiscoverTM, creating a field image scan based upon 
a point analysis every seventh micrometer ( m).

4.2.1. QEMSCAN 
The QEMSCAN is the third generation of mineral analysis systems that began with the 
QEMSEM and CSIRO 20 years ago, and is used for identification and quantification of 
mineral systems. It is a versatile SEM-based automated mineralogical analysis system that 
combines features found in other analytical instruments such as SEM and electron probe micro 
analyzer (EPMA). The system is based upon Carl Zeiss SEMs fitted with up to four light-
element energy dispersive x-ray spectrometers (EDS) and it works by locating particles that are 
scanned with the electron beam at a predetermined resolution. The resulting x-ray and 
backscattered electron signals are then compared with a constructed database of known 
minerals and chemical phases to produce a mineralogical identification [47, 48]. Species with 
similar EDS spectra as magnetite and hematite, can be differentiated by the different BSE 
signal, while it is still difficult to differentiate magnetite from wüstite, with the software that 
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does not differentiate different crystal structures. Off-line processing can be used for final 
identification and creation of particle statistics etc. [49]. 

Five different analysis modes are used by the QEMSCAN system, depending on what kind of 
information the user wants from the sample [47-51]: 

Bulk mineralogical analysis (BMA)
BMA is a one dimensional rapid line scan analysis method that can be used for identification of 
the number and lengths of intercepts with mineral species; particle, mineral and grain surface 
areas or sizes and mineral associations.   

Particle mineralogical analysis (PMA) 
PMA is a two dimensional scan analysis method used for detailed characterization of particles 
up to 1 mm in size. BSE images are used to determine particle diameter and perimeter, and 
whether it is touching other particles. This method is appropriate for liberation analysis, 
leaching and texture characterization.   

Specific mineral search (SMS) 
SMS operates similar to PMA except that the BSE images are created only of particles with 
one specific BSE brightness. This method is appropriate for determination of the concentration 
of a specific mineral, usually present at about 0.5 vol% or less. BMA is often used in 
conjunction with this method. 

Trace mineral search (TMS) 
TMS is a method similar to SMS but used only when trace amounts of minerals present are of 
interest. Continuously monitored BSE brightness is compared to a pre-defined threshold value 
and the hardware function immediately rejects the fields with lack of the specific brightness. As 
with SMS, BMA is often used in conjunction with this method, which is appropriate within a 
search of precious metals. 

Field image scan (FIS) 
FIS is based upon the mapping of a non-particular sample, such as ore fragment or a refractory 
brick. The sample is divided into fields with pre-defined size down to a limit in resolution at 
around 5 m, and in the center of each field an x-ray beam is directed. At each spot the probe 
stops, a standard of 1000 x-ray counts is detected before the probe moves to the next spot. 
During evaluation, the signal-data collected is matched against the pre-defined mineral list. 
The mineral or phase that each field correspond to, is revealed as a single pixel in the 
compositional mapping image with a pre-defined color. This method is appropriate for 
quantitative and qualitative characterization of slags and ores. 

4.3. Differential scanning calorimetry and dilatometry 
Differential scanning calorimetry / thermal gravimetry (DSC/TG) and dilatometry 
experiments were performed to investigate at which specific temperatures thermo mechanical 
phenomenas as phase transformations occurred. DSC/TG experiments were performed in an 
alumina lined Pt-Rh furnace (Netzsch STA 449C Jupiter) equipped with a mass spectrometer 
(Netzsch Aeolos QMS 403C) through a heated glass capillary transfer line and the dilatometry 
experiments in a SiC furnace (Netzsch DIL 402C). The studies were carried out on powder 
mixtures in alumina crucibles between room temperature and 1350ºC at a heating rate of 10 
K/min using two different atmospheres: helium (appended paper 1 [46]) and technical air (21 
% O2 and 79 % N2). The reason for using two different atmospheres is that the oxygen partial 
pressure is believed to vary at different locations in the kiln, due to oxidation in the pellets. 
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The first powder mixtures used were by weight equal amounts of Victor HWM brick and slag 
of type C, the second a similar mixture with the addition of 5 wt% Na2CO3, and the third 
mixture (only used in technical air) with the addition of 10 wt% Na2CO3. The powder samples 
were compacted into pellets and by cold isostatic pressing (CIP) at 250 MPa prior to insertion 
into the instrument. 

4.4. X-ray fluorescence spectroscopy and x-ray diffractometry 
The chemical analyses of the slag were performed by x-ray fluorescence spectroscopy (XRF) 
using rhodium x-ray radiation, flow proportional counters for Na, Mg and Al and a 
scintillation counter for all other elements over a 2 -interval of 22 to 145º, using a PANalytical 
MagiX instrument.

X-ray diffractometry (XRD) were performed for clarification of present phases, on powders of 
milled bricks (as fabricated, and others used in a production kiln), and on heat treated powder 
mixture samples of milled brick and slag with and without alkali additions. The x-ray 
diffraction experiments were conducted with a Philips X-ray diffractometer (MRD) 
instrument, using Cu K  radiation (40kV ; 45mA). The diffractograms were recorded over 
various interval of 2 .
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5. Results 

5.1. Characterization of refractories 
Figure 6 shows the x-ray diffractograms of powders from milled bricks Alex, Silox 60 and 
Victor HWM, used industrially and in the lab scale experiments in this study, in their as 
fabricated condition. 

Figure 6. Diffractogram of powders of the milled bricks: Alex, Silox 60 and Victor HWM. 

A majority of confirmed peaks correspond to corundum and mullite all three brick types. In 
addition the bricks contain traces of other oxides, including quartz. 

QEMSCAN field image scans were carried out on polished and carbon sputtered surfaces of 
these refractory bricks. The concentrations of specific phases, determined by estimation of the 
surface areas translated to wt% by comparison with the density, are shown in table 3.

Minerals [wt%] Alex Silox 60 Victor HWM 

Corundum 42,28 16,19 50,17 

Mullite 13,60 62,79 35,75 

Mullite (low Al) 17,10 15,55 12,69 

Andalusite 18,13 3,39 0,27 

Kalsilite 0,41 0,00 0,00 

Quartz 0,61 0,27 0,13 

Corundum-Rutile 1,86 0,60 0,81 

Metakaolinite 5,54 1,00 0,02 

Other 0,47 0,21 0,18 
Table 3. Concentration of different phases present in the refractory bricks, based on the surface areas of the 
QEMSCAN Field image scan. 
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The concentration of different phases present in the bricks determined by QEMSCAN, 
corresponds well with the relation between Al2O3, SiO2 and other oxides according to 
datasheet from the producer, also confirmed by XRD. A visualization of table 3 and the color 
codes in the mineralogical mappings in figure 9 are shown in figure 7. 

Figure 7. Mineral assay that shows the concentrations of minerals present in the bricks, given in numbers in table 
3, and the color code used in the mineralogical mappings in figure 9. 

A few percent of TiO2 and traces of CaO are present in all three brick types, according to 
datasheet from the producer, confirmed to be hosted by the phase referred to as corundum-
rutile in the QEMSCAN mineral list. A SEM image of an area in the Silox 60 brick referred to 
as corundum-rutile, (figure 8) shows corundum grains (darker in image) in a matrix (white in 
image) that by EDS analyses proportional fits to titanite (CaTiSiO5); concentration still too 
small to be confirmed by XRD. 

Figure 8. SEM image of a Silox 60 brick, of corundum grains in a titanite matrix. 

Figure 9 shows the mineralogical mappings created by field image scans of the Alex brick 
(figure 9a), the Victor HWM brick (figure 9b) and Silox 60 brick (figure 9c). 
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Figure 9a. A QEMSCAN 
Field image of a polished 
surface of the brick type 
Alex, as fabricated. 

Figure 9b. A 
QEMSCAN Field image 
of a polished surface of 
the brick type Silox 60, 
as fabricated. 

Figure 9c. A 
QEMSCAN Field image 
of a polished surface of 
the brick type Victor 
HWM, as fabricated. 
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5.2. Characterization of slag 
Chemical analyses of the slags collected in the industrial kiln, and used in the experiments, 
have been carried out by XRF. Results are shown in table 4. 

Slag type [year] A[2005] B[2005] C[2006] 
Distance to outlet 0 m 32 m 0 m 
Fe2O3 [wt%] 94.32 92.45 92.18 
SiO2 2.01 3.11 2.07 
Al2O3 0.52 0.99 0.54 
MgO 1.35 1.38 1.44 
CaO 0.42 0.58 0.58 
FeO 0.54 0.54 0.71 
TiO2 0.26 0.29 0.26 
Na2O 0.0432 0.128 0.100 
K2O 0.028 0.102 0.059 
V2O5 0.19 0.19 0.19 
MnO 0.09 0.09 0.08 
P2O5 0.041 0.053 0.037 

Table 4. Slag characterization by XRF of slags collected in a production kiln, Svappavaara, shown as most stable 
oxide.

The composition of the slag, location along the length of the kiln where it was collected, and 
year of collection are shown in table 4. Each slag is assumed to be fully oxidized, with its 
composition presented as oxides. Slag denoted A and B were used in crucible slag reaction 
tests, while slag denoted C were used in thermal analysis and XRD experiments (in reaction 
tests mixed with milled brick powders and alkali). XRD also been carried out on the slag 
denoted C in table 4, diffractogram is shown in figure 10. 

Figure 10. Slag characterization by XRD of a slag collected in a production kiln, Svappavaara, September 2006.  

All detected peaks correspond to hematite. No other phases present reach the detection limit at 
around 4 %, which corresponds to the XRF analysis. 
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5.3. Characterization of slag/refractory interaction 

5.3.1. Lab scale Experiments 
Crucible/slag reaction tests were performed at different combinations of slag composition, time 
and temperature for all three crucible materials (Victor HWM, Alex and Silox 60), where 
more information about experimental settings and results, are shown in appended paper 1 [46]. 
Crucibles made of different brick materials, from left to right: Alex, Victor HWM, and Silox 
60 from the experiment heated at 1350°C for 5 hours dwell time are shown in figure 11. The 
slag penetration creates a reaction layer, a brownish zone, which is closer magnified in 
figure12.

Figure 11. Crucibles reproduced in the image made of different brick materials, from left to right: Alex, Victor 
HWM, and Silox; from the experiment heated at 1350°C for 5 hours dwell time. 

The chemical composition of the area in the red frame in figure 11 is shown as different 
elemental maps in figure 12. The black part in the lower right corner in each frame of figure 
12 is the cavity of the crucible. In the elemental maps, brighter areas indicate a higher 
concentration of the depicted element.  

Figure. 12. Scanning electron microscopic (SEM) images where (a–d) are elemental maps where the black region 
in the lower right corner is the crucible cavity, (e) shows a (BSE) micrograph and (f) an optical micrograph of the 
same area, all from the area marked by a red frame in the crucible made of Alex brick in Fig. 11. 
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It can be seen in the compositional maps that the slag/refractory reaction layer is brick material 
with a higher iron concentration than the original brick, and also that the grains with higher 
aluminum content, and consequently alumina content, are more resistant against chemical 
attack from potassium oxide compared to the other phases present in the brick. 

Figure 13 shows the DSC, TG and dilatometer thermograms from a powder mixture of equal 
amounts of slag denoted C and powders from Victor brick, compacted into pellet form and 
heated in technical air atmosphere. The TG response (green line) shows minor fluctuations up 
to 600ºC with a dip at 400ºC. Between 600 and 1200ºC the mass stays constant, and above 
1200ºC there is a mass loss of 0.2 % up to 1350ºC. Fluctuations on the DCS response (blue 
line) is considered as minor endothermic peaks, corresponding to emissions of H2O and CO2.
The dilatometry response (red line) shows shrinkage of 0.4 % up to 125°C. Between 125 and 
900°C there is an increase in dilatation of 0.7 % compared to the original length of the sample. 
The dilatation increases fastest between 500 and 600°C which correspond to an increase on the 
TG response, where the sample probably reacts with oxygen in the used atmosphere. At 
1000°C the sample starts to sinter and at 1350°C the shrinkage is 1.5 % compared to the 
original size. 

Figure 13. DSC, TG and dilatometer thermograms from a powder mixture of equal amounts of slag denoted C 
and powders from Victor brick, compacted into pellet form and heated in technical air atmosphere, from room 
temperature to 1350°C. 

Figure 14 shows the DSC, TG and dilatometer thermograms for a sample similar to the one in 
figure 13 but with the addition of 5 wt% Na2CO3. The TG response (green line) shows a total 
mass loss of 2.8 % between room temperature and 1350°C. The mass loss occurs in two steps: 
the first and most pronounced between 85 and 125ºC and the second between 500 and 780ºC. 
The DSC response (blue line) shows two endothermic peaks at 115 and 1230°C. In-situ mass 
spectrometry shows emission of water and CO2 at 115°C, corresponding to mass loss and an 
endothermic reaction, and emission of CO2 between 500 and 800°C, corresponding to mass 
loss. The dilatometry response (red line) shows a minor shrinkage of the sample up to 115°C, 
correspond to loss of water. Between 150 and 1150°C there is an increase in dilatation 2.1 % 
of the origin sample. At around 1200°C the sample starts to sinter, and at 1350°C it has shrunk 
to a size 6.7 % smaller than its original size. 
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Figure 14. DSC, TG and dilatometer thermograms from a powder mixture of equal amounts of slag denoted C 
and powders from Victor brick, and an addition of 5 wt% of Na2CO3, compacted into pellet form and heated in 
technical air atmosphere, from room temperature to 1350°C. 

Figure 15 shows the DSC, TG and dilatometer thermograms for a sample similar to the one in 
figure 13 but with the addition of 10 wt% Na2CO3. The TG response (green line) shows a 
total mass loss of 6.0 % between room temperature and 1350°C. The mass loss occurs in two 
steps, the first and most pronounced between 85 and 150ºC and the second between 500 and 
750ºC as in the previous experiment, but with larger mass loss, due to higher emission of CO2.
The DSC response (blue line) shows three endothermic peaks at 115, 675 and last split into 
two peaks at 1295 and 1310°C. In-situ mass spectrometry shows emission of water and CO2 at 
115°C, corresponding to mass loss and an endothermic reaction, and emission of CO2 between
500 and 800°C, corresponding to mass loss. The dilatometry response (red line) shows a minor 
shrinkage of the sample up to 115°C, correspond to loss of water. Between 150 and 1150°C 
there is an increase in dilatation 3.9 % of the origin sample. At around 1200°C the sample starts 
to sinter, and at 1350°C it has shrunk to a size 9.0 % smaller than its original size. 

Figure 15. DSC, TG and dilatometer thermograms from a powder mixture of equal amounts of slag denoted C 
and powders from Victor brick, and an addition of 10 wt% of Na2CO3, compacted into pellet form and heated in 
technical air atmosphere, from room temperature to 1350°C. 
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Figure 16 shows diffractograms from similar powder mixtures of equal amounts of Victor 
HWM brick and slag denoted C, with an additive of 5 wt% of Na2CO3,  heat treated in air 
atmosphere at 700, 1150 and 1350ºC; in order to clarify reactions revealed by thermal analysis.  

Figure 16. Diffractograms of heated powder mixtures of by equal amounts of Victor HWM brick and slag 
denoted C, with an addition of 5 wt% Na2CO3 heated to 700, 1150 and 1350ºC. 

The XRD results showed that mullite dissolves and that formation of nepheline 
(Na2O·Al2O3·2SiO2) occur between 700 and 1150ºC; peaks marked by red circles. The 
experiment performed with a sample heated to 1350ºC showed that the amount of nepheline 
phase decreased, in accordance with the DSC experiments and previous observations [52]. 

A similar powder mixture of equal amounts of Victor HWM brick and slag denoted C, but 
with the addition of 5 wt% of K2CO3 instead, were heat treated in air atmosphere at 1350ºC; 
in order to clarify if potassium would react with mullite in a similar way as with as sodium, 
forming the potassium containing feldspathoid kalsilite (K2O·Al2O3·2SiO2) after heat treatment. 
XRD was carried out on this powder mixture; the diffractogram is shown in figure 17. 
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Figure 17. Diffractogram of a heated powder mixture of by equal amounts of Victor HWM brick and slag 
denoted C, with an addition of 5 wt% K2CO3 heated to 1350ºC. 

A confirmed concentration of kalsilite was formed, and also leucite was formed 
(K2O·Al2O3·4SiO2), in even larger concentration than kalsilite. A low concentration of mullite 
was observed, which is expected when the mullite has reacted with potassium. Also a 
detectable concentration of potassium- -alumina (K2O·11Al2O3) is confirmed, which satisfies 
the observations by QEMSCAN and SEM in appended paper 2 [53], and earlier observations 
[45, 54]. 

5.3.2. Samples collected in an industrial kiln 
Samples of bricks with slag adhered to their surfaces, were collected at different locations in a 
LKAB production kiln located in Kiruna (labeled KK2), Sweden, under a production stop 
(June 8, 2008). The high alumina brick Victor HWM is used in the warm part of the kiln 
(outlet), while Alex with a lower alumina concentration is used in the inlet. Selected interfaces 
were polished and carbon sputtered prior to analyses with QEMSCAN and SEM. XRD was 
carried out on one sample (Alex brick), where the adhered hematite slag was removed from 
the brick and the refractory material was milled to a powder, prior to analysis. 

Victor HWM brick 
First sample shown (figure 18) is a Victor HWM brick that has served as refractory liner in the 
outlet of the KK2 kiln for 4 years. Hematite slag (red in the figure) is seen on top of the brick. 
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Figure 18. A QEMSCAN field image scan of a Victor HWM brick that has served as refractory liner in the KK2 
kiln for 4 years. Hematite slag is seen on top of the brick. 

Phases detected by QEMSCAN, their concentrations (wt%) and the corresponding color code 
in the image (figure 18), are shown in table 5. Note that the hematite slag is removed from the 
table, and the concentrations are intended for phases present in the brick. 

Corundum
Mullite
Mullite (low Al) 
Kalsilite
Nepheline
Quartz
Leucite
Orthoclase
Corundum (K) 
Corundum-Rutile 
Metakaolinite
Mullite needles in alkali glass 
Kalsilite glass (high K) 
Other

38.61
9.70
1.71
2.54
0.59
0.09
0.80
0.10
2.55
0.15
8.03
18.73
15.20
1.2

Table 5. Color code of the phases present in the mineralogical mapping (figure 18) and their concentrations. 

The hematite stays on the brick surface in a distinct front, while alkali (viz potassium) has 
penetrated the brick, and reacts with refractory material. Kalsilite and potassium- -alumina are 
observed in concentrations of slightly above 2.5 %, while nepheline and leucite are observed in 
moderate concentrations of around 0.5 %. These phases are observed several millimeters from 
the brick surface, when there is a migration time of 4 years. Secondary mullite is formed all 
around the mullite grains and occur in considerably concentration (location marked with an A 
in figure 18, is shown by a SEM image in figure 19), observed only closest to the slag in the lab 
scale experiments shown in appended paper 2 [53].  
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Figure 19. SEM image of primary mullite forming secondary mullite, in a Victor HWM brick that has served as 
refractory lining in the outlet of the KK2 kiln 

Figure 20 shows a SEM image of the area marked with a B in figure 18. Shown is the 
depletion of the brick, where corundum grains migrate by the continuously flowing hematite 
slag in erosion. Note also the hematite needles formed closest to the surface inside of the 
corundum grain. 

Figure 20. SEM image of a corundum grain migrated by continuously flowing hematite slag. 
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Alex brick 
Second sample shown (figure 21) is an Alex brick that has served as refractory liner, 3 meters 
from the inlet of the KK2 kiln for 6 years. Hematite slag (red in the figure) is seen on top of 
the brick. The crack through the slag layer occurred during the sample preparation. 

Figure 21. A QEMSCAN field image scan of an Alex brick that has served as refractory liner in the KK2 kiln for 
6 years. Hematite slag is seen on top of the brick. 

The hematite stays also on this brick’s surface in a distinct front, while alkalis have caused phase 
transformations in the refractory liner that incorporates considerably amounts of feldspar and 
feldspathoid. Only a small concentration of mullite is still present. Phases detected by 
QEMSCAN, their concentrations (wt%) and the corresponding color code in the image 
(figure 21), are shown in table 6. Note that the hematite slag is removed from the table, and 
the concentrations are intended for phases present in the brick. 

Corundum
Mullite
Mullite (low Al) 
Kalsilite
Nepheline
Quartz
Leucite
Orthoclase
Corundum (K) 
Corundum-Rutile 
Metakaolinite
Mullite needles in alkali glass 
Kalsilite glass (high K) 
Other

14.19
0.21
0.04
11.03
0.05
0.24
19.22
7.54
0.46
0.17
29.13
3.44
11.50
2.78

Table 6. Color code of the phases present in the mineralogical mapping (figure 21) and their concentrations. 
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Figure 22 show the diffractogram of milled brick material that has served as refractory liner, 
from the same sample shown in figure 21. 

Figure 22. Diffractogram of a brick that has served as refractory liner in the KK2 kiln, Kiruna, 3 meters from the 
inlet of the kiln. The brick was, as fabricated, of the quality Alex 

Leucite and corundum have the highest concentrations in the sample according to 
QEMSCAN, confirmed by XRD. Other phases confirmed by both techniques but in lower 
concentrations are mullite, kalsilite and -Al2O3.
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6. Discussion
This thesis deals with possible wear mechanisms of bricks serving as refractory liners in rotary 
kilns at iron ore pellet production. In the tests performed in a laboratory furnace, it can be seen 
that the reaction between brick and slag is enhanced by an alkali addition, both in the form of 
penetration depth of slag into the bricks, corrosion of the bricks and how hard the slag adheres 
to the brick surface. Visual inspection alone detects that just a few percent alkalis increase the 
degradation of the bricks. Micrographs reveal that alkali reacts primarily with mullite, forming 
feldspathoids, and secondary with Al2O3, forming -Al2O3 which is expected based on the 
literature [45, 54]. Micrographs by SEM and QEMSCAN show that the penetration front is 
less distinct in the high alumina brick, compared to the mullite based bricks. Corundum grains 
keep more intact than mullite grains but the grain boundaries corrode and the grains migrate 
into the slag. 

The interaction between brick-crucibles and slag observed in the lab scale reaction tests in this 
study can be described as: when no corrosive agents in the form of alkali were added, the 
interaction between brick and slag is minimal after heat treatment at 1350°C. Only open pores 
in the surface are filled with slag. With an addition of 1.1 wt% sodium, and 2.5 wt% CaO, the 
surface of the brick became darker, and a glassy phase was observed locally. With addition of 
5% each of sodium and potassium in the form of carbonates, the slag adheres to the brick 
surface, and creates a reaction layer, with a higher iron concentration, confirmed by EDS. 
Grains of hematite with sizes between 50-100 m remain on the original interface between 
brick and slag, while micrometer sized hematite migrates through the partly dissolved and 
porous brick by capillary infiltration and diffusion, and appears in needle shaped formations 
deeper in the lining material. Hematite has isomorphic structure with corundum and forms a 
solid solution according to thermodynamic simulations (appended paper 2 [53]); also seen in 
needle like formations in the lab scale experiments (24 and 72 hours at 1400°C) which is 
depleted of Ti (appended paper 2 [53]). Under this layer of molten brick bulk that contains 
these hematite needles, beta-alumina and feldspathoids are formed. The disintegration of 
mullite that results in formation of nepheline is associated with a volume expansion, observed 
by dilatometry to appears fastest between 650 and 750°C (appended paper 1 [46]) that in some 
cases cracked the tested crucibles. Under this layer secondary mullite is formed, caused by 
contact with molten feldspars present during the heat treatment. Mullite in needle-like 
formations in an alkali rich glass is in accord with earlier observations [55-58], where formation 
of primary mullite was observed when heating clay. The nucleation of primary mullite 
occurred in an amorphous silica glass with sizes less then 0.5 m, while the alumina richer 
secondary mullite started to grow from primary mullite in needle shaped formations with 
lengths above 1 m, in the presence of an amorphous alkali-aluminosilicate melt. The 
potassium that causes this transformation is the element that migrates deepest into the brick. 
Scudeller et al. [54] suggested that K2O starts to react with SiO2, forming a glassy matrix. With 
time kaliophilite (K2O·Al2O3·2SiO2), the cubic form of kalsilite, is formed; and with longer 
time and depending on the available SiO2, leucite (K2O·Al2O3·4SiO2) is formed. With dwell 
time 72 hours the concentration of alumina silicate matrix increases, especially in the Silox 60 
crucible. The potassium beta-alumina ( -Al2O3) is no longer present in the crucibles after 72 
hours, to the benefit of the corundum-hematite solid solution and the alumina silicate matrix, 
which is in accordance with the thermodynamic simulations (appended paper 2 [53]), where 
instead a spinel is formed when corundum and KAl9O14 decrease their amounts.

Potassium is observed by far more than sodium in slags and brick/slag reaction products, even 
if equal amounts are present in the slag and are added to the tests. It seems as while the 
potassium reacts with the silicates and the alumina, most of the sodium evaporates from the 
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samples. Potassium beta-alumina was observed as a reaction product in needle like formations 
(appended paper 2 [53]) in this study, with a molar ratio of K2O·11Al2O3, according to EDS. 
-Al2O3 containing sodium and/or potassium are described in the literature with different 

molar ratios [45, 54, 59, 60]; where the ’ and ’’ phases are contain an increasing amount of 
alkalis, also seen in needle like formations [61]. 

As can be seen, the degradation of the brick occurs different in the lab-scale experiments and 
the industrial kiln, but there are also equalities. The high concentration of alkali that attack the 
refractory material gives an aggravated reaction closest to the surface, while the lower 
concentration in the kiln give a more even migration gradient of alkali, but migrated to a 
larger depth. Phases evolved differ slightly, when a higher concentration of leucite is formed in 
the refractory liner that has served in the industrial kiln, which is expected based on the 
literature [54].

There are large differences in the concentration of the phases evolved in the two lining 
material samples collected from the industrial kiln. What has to be taken into consideration is 
that when the slag accumulated on the brick surface become too heavy and fall off, the 
outermost refractory layer is exfoliated with it, due to the strong bonding between slag and 
brick. After such a fall off, a fresh hot face is exposed by slag. The sample collected in the 
outlet of the kiln (Victor HWM) could have been such a surface, that hasn’t been exposed to 
the slag for such a long time as the sample collected 3 meters from the inlet (Alex) of the kiln. 
The mullite grains have just started to transform in the Victor HWM while they are totally 
depleted in the Alex sample, which support this theory. Also notable is that the Alex brick has 
served as a refractory liner for 6 years, while the Victor HWM brick has served for 4 years; and 
that the alkali concentration decreases in concentration towards the outlet of the kilns 
(appended paper 1 [46]). 

Formation and migration of hematite grains in the form of needles, observed in large scale in 
the lab scale crucible/slag reaction tests, were only observed in minor scale in the sample 
collected in the industrial kiln. The largest difference in conditions is the higher concentration 
of alkali in the lab scale experiments and the higher temperature (1400 compared to ~1350°C). 
These variations in conditions enhance the liquid phase present in the reaction zone that 
supports the observed phenomenon. 
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7. Conclusions 
Most iron stay on the origin surface of the bricks, both in lab-scale experiments and samples 
from an industrial kiln. Grains of hematite with sizes 50-100 m remain on the original surface 
of the brick, while micrometer sized hematite migrates through the partly dissolved and porous 
brick by capillary infiltration and diffusion, and appears in needle shaped formations deeper in 
the lining material. Alkali penetrates deeper than hematite, by infiltration and diffusion, 
especially at grain boundaries. Larger grains of alumina in the lining material stay intact, while 
mullite and silica reacts with alkalis and forming nepheline and kalsilite (seen in lab scale 
experiments); phases that with time transform to leucite (seen in sample from industrial kiln). A 
protective reaction layer evolves in the low alumina brick, which is intact at lower 
temperatures and shorter dwell times. Potassium is the element that penetrates deepest in the 
matrix of the constituents in the slag, causing the degradation of the bricks. 
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8. Future work 
Future work is necessary to fully understand the wear mechanisms of the refractories used as 
lining in the rotary kilns.  

The iron oxide migrates in the bulk of reaction products. An investigation with Mössbauer 
spectroscopy will give information what the iron is bonded to in the reaction product. 

An investigation with higher resolution by transmission electron microscopy (TEM), would 
give higher knowledge about the reaction products formed in the refractory lining and what 
they cause in terms of degradation. 

A deeper understanding is called for regarding mechanical testing; this could give a higher 
knowledge about the abrasive mechanisms on the refractories. 

Another aspect would be to work with improvements of the composition in the refractory 
bricks, in co-operation with the producer. This might lead to an improved lifetime of the 
refractories.
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Degradation of Refractory Bricks Used as Thermal
Insulation in Rotary Kilns for Iron Ore Pellet Production
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Degradation of bricks in an iron ore pellet producing kiln has been investigated. Lab-scale tests of brick/slag interaction
performed under different temperatures, atmospheres, and alkali additions show that addition of alkali dissolves the mullite in
the brick and leads to formation of the phase nepheline (Na2O �Al2O3 � 2SiO2). At a high temperature, the grain boundary
where nepheline is formed disintegrates due to volume expansion. At increased temperature, the nepheline transforms to an
amorphous phase. Thus, a wear mechanism is proposed in the kiln using these bricks that involves these chemical reactions in
combination with erosion by the continuously flowing slag.

Introduction

Iron ore pellets are a prepared burden material for
iron making. In some cases, the pellet plants use a grate-
kiln furnace system (Fig. 1) to sinter the pellets. The
grate is a roaster furnace and the kiln is a rotating fur-
nace insulated with refractory bricks. The bricks wear,
and after some time they need to be replaced. The in-
sulation is simultaneously exposed to several different

wear mechanisms, mainly caused by residues from pellet
production that forms a slag on the bricks. In order to
reduce the overall cost and to optimize the use of re-
fractory material, it is necessary to understand the pro-
cess causing brick degradation. In this case, LKAB’s
operations in Svappavaara, Sweden, have been studied.
The predominant ferrous mineral in LKAB mines is
magnetite (Fe3O4). After crushing, grinding, and mag-
netic separation of the milled ore powder, the magnetite
concentration is above 98wt%.

During heat treatment in the grate-kiln furnace
system shown in Fig. 1, the milled and pelletized mag-
netite ore is transformed into hematite (a-Fe2O3) by the
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exothermic reaction

4Fe3O4ðSÞ þO2ðgÞ ! 6Fe2O3ðSÞ ð1Þ

The oxidation of the magnetite pellets takes place
in two stages. The first stage is between 2001C and
3501C, where a topochemical low-temperature oxida-
tion to maghemite (g-Fe2O3) takes place. The second
stage of oxidation starts at 4001C and leads to totally
oxidized grains at around 9001C to 11001C, depending
on the particle size, oxygen partial pressure, etc.1–3

The rotary kiln was designed by Allis–Chalmers,
and three types of commercial bricks are used in it:
Victor HWM, Alex, and Silox 60, all produced by
Höganas Bjuf AB, Bjuf, Sweden. The dominant con-
stituents in all three bricks are alumina (Al2O3) and sil-
ica (SiO2) in different amounts, along with traces of
other oxides. These type of mixtures are commonly used
as lining materials for this application. Al2O3 and SiO2

in the ratio 3/2 form the mineral mullite during the heat
treatment in the manufacturing of the bricks, which
has a high melting temperature, low thermal expansion,
and low thermal conductivity. Mullite has the mole
fraction Al412xSi2�2xO10�x, where x is the number
of oxygen vacancies, and varies between 0.17 and 0.6,
but it is commonly expressed stoichiometrically as
3Al2O3 � 2SiO2.

4,5

The slag consists mainly of material from iron ore
pellets that has disintegrated in the kiln. The slag also
contains alkalis, which are naturally present in the
kiln and originate from the coke, which is burned to
heat the kiln; from the binder additive bentonite; and
from trace quantities of the refractory liner. The
slag consists mainly of iron oxides, but also contains
alkali-, alkaline-earth, and other trace oxides. Phases
that are likely to form in the FeOx–Al2O3–SiO2 system
during heat treatment besides mullite include: fayalite
(2FeO � SiO2), hercynite (FeO �Al2O3), and cordierite
(2FeO � 2Al2O3 � 5SiO2).

6

The slag sticks to the surface of the brick and ac-
cumulates over time. When such slag formations be-
come too heavy, it falls off along with a thin layer of the
brick material, which has exfoliated, and is removed
because of the strong bonding between the slag and the
brick. Thus, the formation of slag and how it accumu-
lates on the brick surface, causing brick spallation, will
determine the lifetime of the insulation.

A typical lining wears and needs to be replaced after
approximately 5 years of service. Thermal shock caused
by temperature variations at starts and stops in the
operation, together with mechanical strain, may lead
to nonscheduled production stops due to falling out
of bricks. One way to improve the brick’s refractory
properties is to increase the Al2O3 content; however, a
higher Al2O3 content increases the brick price and the
susceptibility to thermal spalling. To some extent, the
problem with spalling can be overcome by increasing
brick porosity. Increases in brick porosity, however, also
lead to increased slag infiltration. Different iron ore
pellet production sites have therefore adapted different
strategies for insulation of their kilns. The main wear
mechanism of refractory brick used in the pellet pro-
duction is considered to be a combined action of ther-
mal shock and chemical attack,7 the latter phenomena
making the refractories less resistant to abrasion and
erosion.

In this paper, we report on the infiltration of slag
into the bricks, and the chemical reaction that occurs
between the slag and the brick in the presence of alkalis
based on laboratory-scale experiments.

Materials

The chemical compositions of the three brick types
used in the rotary kiln for pellet production are shown
in Table I. Brick porosity varies between 15% and 20%
and their density between 2500 and 3000 kg/m3. The
microstructure consists of grains of different minerals,
with grain sizes up to 5mm bonded together in the
matrix.

The slags used in this study were collected in a
LKAB production kiln located in Svappavaara, Sweden,
during two production stops 1 year apart (September
20, 2005 and September 26, 2006). They were ex-
tracted at different locations along the process line. Ad-
ditions, as indicated in Table II, were made to the slags
in the form of CaO, K2CO3, and Na2CO3 (all from

Fig. 1. Schematic outline of the warm parts in a pellet plant.
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Merck KGaA, Germany, 99.9 wt% purity), to evaluate
their influence on the refractory wear.

Experimental Procedure

Heat Treatment

Crucible/slag reaction tests were performed at
different combinations of slag composition, times, and
temperatures for all three brick crucible materials
(Victor HWM, Alex, and Silox 60), as indicated in
Table II. Crucibles were machined from brick in their
as-fabricated condition, with dimensions of 40mm�
40mm� 50mm. The diameter of the cylindrical cavity
was 16mm, with a depth of 25mm. Each cavity was
filled with 8 g of slag that was milled to a fine powder,
and was mixed manually with additions in some cases
by shaking powders in a plastic bag. The crucibles were
heated to different temperatures close to the process
temperature in the kiln and held for different times, as
listed in Table II, with a heating and cooling rate of
10K/min. The slag types are denoted A and B and their

compositions are given in Table III. In tests 4–7, alkalis
were added in the form of carbonates.

After heat treatment, the crucibles were cut into
two parts along the center of the cavity to facilitate fur-
ther investigation of the slag–brick interface. Selected
interfaces were polished before analyses.

In order to accelerate any chemical reactions by in-
creasing the surface area, different brick and slag powder
mixtures were prepared by ball milling, and afterwards
sieved through a net with a grid size of 600 mm. Powder
mixtures were prepared with 50 wt% slag (denoted C in
Table III) and 50wt% as-fabricated Victor brick. In
some cases, deliberate additions of alkali were used.
Powder mixtures were then heat treated in a helium at-
mosphere for an hour at 7001C, 10001C, 13001C, and
13501C. Mixtures with the addition of 5 wt% Na2CO3

additions were also heat treated in an air atmosphere at
7001C, 11501C, and 13501C.

Optical and Scanning Electron Microscopy

The microstructures of heat-treated crucibles were
studied using an optical microscope (Moritex MS-500C
with the software soft imaging system ADDA II,
Moritex, Cambridge, U.K.). All slag/refractory samples
were investigated in a scanning electron microscope
equipped with an X-ray energy-dispersive detector for
chemical analysis (SEM/EDX: JEOL JSM-6460, Pea-
body, MA; Link, software INCA).

Differential Scanning Calorimetry and Dilatometry

Differential scanning calorimetry/thermal gravime-
try (DSC/TG) experiments were performed in an
alumina-lined Pt–Rh furnace (Netzsch STA 449C
Jupiter, Selb, Germany) equipped with a mass spec-
trometer (Netzsch Aeolos QMS 403C) using a heated

Table I. Nominal Chemical Composition of
Three Commercial Bricks Based on Datasheet from

the Producer

wt% Victor HWM Alex Silox 60

Al2O3 B73 B58 B60
SiO2 B26 B36 B37
CaO 0.2 0.3 0.1
TiO2 2.7 2.1 1.5
Fe2O3 1.1 1.4 0.9
Alkalis 0.3 1.3 0.5

Table II. Experimental Settings for Crucible/Slag Compatibility Tests

Crucible tests Temperature (1C) Time (h) Slag type Additive (wt%)

Experiment 1 1200 5 A None
Experiment 2 1350 5 A None
Experiment 3 1350 5 A 1.1% Na and 2.5% CaO
Experiment 4 1350 5 A 5% Na and 5% K
Experiment 5 1350 5 B 5% Na and 5% K
Experiment 6 1350 24 B 5% Na and 5% K
Experiment 7 1400 5 B 5% Na and 5% K
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glass capillary transfer line, and dilatometry experiments
were conducted in a SiC furnace (Netzsch DIL 402C).
All studies were carried out on powder mixtures in al-
umina crucibles between room temperature and
13501C using a heating rate of 10K/min in two differ-
ent atmospheres: helium and technical air (21% O2 and
79% N2). The reason why different atmospheres were
used is because the oxygen partial pressure is believed to
vary at different locations in the kiln, for example, the
amount of oxygen is lower in the pellet bed due to pellet
oxidation. The first powder mixtures used were, by
weight, equal amounts of Victor HWM brick and slag
of type C, and the second set of mixtures had the ad-
dition of 5 wt% Na2CO3 made to the 50/50 brick/slag
mixture. The powder samples were compacted into pel-
lets in a cylindrical mold, uniaxial pressed with 10MPa,
and by cold isostatic pressing (CIP) was carried out at
250MPa before insertion into the instrument.

X-Ray Fluorescence Spectroscopy and X-Ray
Diffractometry

Chemical analysis of the slag was performed by
X-ray fluorescence spectroscopy (XRF) using rhodium
X-ray radiation, flow-proportional counters for Na, Mg,
and Al, and a scintillation counter for all other elements
over a 2y interval of 22–1451. The experiments were
performed with a PANalytical (Almelo, The Nether-
lands) MagiX instrument.

X-ray diffractometry (XRD) was performed on the
powder mixture samples using a Philips (Eindhoven,

The Netherlands) X-ray diffractometer (MRD) instru-
ment with CuKa radiation, with the diffractograms re-
corded over an interval 20–701 of 2y.

Results

Chemical Analyses

The composition of the slag, location along the
length of the kiln where it was collected, and the year of
collection can be seen in Table III. Each slag is assumed
to be fully oxidized, with its composition presented as
oxides.

The slag compositions change along the length of
the kiln, with the Fe2O3 content increasing at the ex-
pense of Al2O3 and SiO2 toward the outlet of the kiln.
Alkalies are present along the entire kiln, but the con-
tent decreases toward the outlet. The amount of Fe2O3

is a few percent lower in 2006 data than 2005. The
contents of oxides such as TiO2, MnO, V2O5, MgO,
and CaO remain more or less constant along the kiln
and over time, while the amounts of P2O5 and FeO
decrease toward the outlet. However, the variations
along the kiln and over time are minor and, in the re-
maining part of this paper, only the slags labeled A, B,
and C in Table III are considered.

Microstructural Analysis

From the crucible/slag reaction tests described in
Table II, some observations are presented in Table IV.

Table III. Slag Compositions of Slags Collected from Different Places and at Different Occasions in the Kiln

Slag type (year) A (2005) B (2005) C (2006) D (2006) E (2006) F (2006) G (2006)

Distance to outlet (m) 0 32 0 10 20 30 40
Fe2O3 (wt%) 94.32 92.45 92.18 91.29 89.89 89.08 84.90
SiO2 2.01 3.11 2.07 3.05 3.29 4.02 6.00
Al2O3 0.52 0.99 0.54 0.92 1.06 1.24 2.44
MgO 1.35 1.38 1.44 1.5 1.55 1.47 1.40
CaO 0.42 0.58 0.58 0.4 0.43 0.50 0.51
FeO 0.54 0.54 0.71 0.64 0.91 0.82 1.03
TiO2 0.26 0.29 0.26 0.22 0.27 0.26 0.29
Na2O 0.0432 0.128 0.100 0.153 0.141 0.178 0.535
K2O 0.028 0.102 0.059 0.116 0.107 0.149 0.322
V2O5 0.19 0.19 0.19 0.18 0.2 0.19 0.17
MnO 0.09 0.09 0.08 0.07 0.08 0.08 0.08
P2O5 0.041 0.053 0.037 0.041 0.057 0.069 0.069
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In Fig. 2, the cross sections from three different
brick materials exposed to slag according to test 6 are
shown.

The slag penetration shown in Fig. 2 creates a re-
action layer, a brownish zone, which is closer magnified

in Fig. 3. The slag/refractory reaction layer is brick ma-
terial with a higher iron content than the original brick.
The chemical composition of the area in the white
frame in Fig. 2 is shown as different elemental maps
in Fig. 3.

Table IV. Observations from the Crucible/Slag Compatibility Tests

Crucible tests Conditions Observations

Experiments 1 and 2 Without alkali addition, 5 h
holding time at 12001C and
13501C, respectively

Interaction between slag and brick is minimal. Only open
pores in the surface of the brick are filled with slag

Experiment 3 With 1.1% Na and 2.5% CaO
addition, 5 h holding time at
13501C

Glassy phase observed locally in all three types of crucibles;
particles of slag stuck to the surface of the brick. The
interface between the crucibles and the slag changed color
and became darker

Experiments 4 and 5 With 5% Na and 5% K addition,
5 h holding time at 13501C

Slag penetrated the crucibles to a depth of 200–300 mm; a
higher amount of slag stick to the brick compared with
tests 1–3

Experiment 6 With 5% Na and 5% K addition,
24 h holding time at 13501C

The slag sticks to and penetrates the brick surface to a
depth of 500–800 mm, and creates a reaction layer, a
brownish zone. Microcracks are observed at the interface
between this reaction layer and the underlying material
(not shown), which is in accord with previous studies8

Experiment 7 With 5% Na and 5% K addition,
5 h holding time at 14001C

The depth of penetration was around 1mm in all test
crucibles, and the front of the penetration zone was less
distinct, without a sharp transition. Instead the color
changes gradually in the zone between slag and brick
material. The color change is interpreted as a gradual
decrease of the content of penetrated slag in the zone,
which also makes it impossible to identify the original
interface between the crucible and the slag

Fig. 2. Crucibles from experiment 6 reproduced in the image, made of different brick material, from left to right: Alex, Victor HWM, Silox
60.
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The black part in the lower right corner in each
frame of Fig. 3 (marked with an arrow in the optical
image of Fig. 3f) represents the cavity of the crucible. In
the elemental maps, brighter areas indicate a higher con-
centration of the depicted element. It can be seen in the
compositional maps that the grain with a higher alumi-
num content, and consequently alumina content, is more
resistant against chemical attack from potassium oxide
compared with the other phases present in the brick.

Figure 4 shows the penetrated zone in the Silox
crucible in test 7. The needles to the left in image (a)
contain mainly iron, aluminum, and potassium oxides.
The larger light grains (b) indicate hematite, and the
gray matrix (c) shows different oxides mainly of alumi-
num, silicon, and sodium. Brick material has been dis-
solved by the molten slag. We note here that increased
temperature affects the reaction between slag and brick
more than increased dwell time.

Figure 5 shows the microstructure of the 50/50
wt% powder mixture of Victor brick and slag denoted C
that was heated to 13001C in a helium atmosphere.
Nucleation and growth of magnetite can be seen as tri-
angular-shaped faceted outgrowths on the larger smooth
particles, marked with a circle. This is consistent with
previously reported magnetite formation.9–11

Thermal Analysis

Figure 6(a) shows the DSC and TG thermograms
from a 50/50 wt% powder mixture of milled slag

Fig. 3. Scanning electron microscopic (SEM) images where (a–d) are elemental maps where the black region in the lower right corner is the
crucible cavity, (e) shows a (BSE) micrograph and (f) an optical micrograph of the same area, all from the marked area in the crucible made of
Alex brick in Fig. 2.

Fig. 4. Scanning electron microscopic (SEM) image of transition
zone between slag and crucible (test #7 - made of Silox brick)
heated to 14001C. Area (a) shows needle like formations mainly of
iron-, aluminum-, and potassium-oxide. Area (b) shows grains of
hematite and area (c) shows a matrix mainly of aluminum-,
silicon-, and sodium-oxide.

6 International Journal of Applied Ceramic Technology—Stjernberg, et al. Vol. ]], No. ]], 2008



(denoted C) and from milled Victor brick, which were
compacted into a pellet form and heated in an inert at-
mosphere (He). The TG response (dashed line) shows a
total mass loss of 2.1% up to 13501C. The mass loss is
most pronounced between 11501C and 13501C. The
DSC response (solid line) shows a sharp endothermic
peak starting at approximately 11501C and with a max-
imum at 12751C, corresponding to the maximum ob-
served mass loss. In situ mass spectrometry shows
emission of CO2 at 3001C, and of oxygen at 12751C,
where the latter indicates a reduction of hematite to
magnetite in the sample.

Figure 6b shows the DSC and TG thermogram for
a sample similar to the one in Fig. 6a but with the ad-
dition of 5 wt% Na2CO3. The TG response (dashed
line) shows a total mass loss of 4.5% up to 13501C. The
mass loss occurs in three steps: the first and most pro-
nounced between 851C and 1251C; the second between

Fig. 5. Scanning electron micrograph of the reaction product of a
50/50 wt%-milled powder mixture between slag denoted C and
Victor brick heated to 13001C in helium. Outgrowths of magnetite
are marked by a circle.

Fig. 6. Differential scanning calorimetry/thermal gravimetry (DSC and TG) (and dilatometry in (c and d)) thermograms from (a) 50/50
wt%-milled powder mixture of slag denoted C and Victor brick powders, heated in helium atmosphere, (b) similar conditions as (a), but
with a addition of 5 wt% Na2CO3, (c) 50/50 wt% milled powder mixture of slag denoted C and Victor brick powders, heated in air
atmosphere and (d) similar conditions as (c), but with an addition of 5 wt% Na2CO3. Heating rate for all experiments were 10K/min.
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5501C and 7751C; and the third occurs above 11001C.
The DSC response (solid line) is similar between
samples with or without alkali additions, except for a
sharp endothermic peak at 1001C, a minor exothermic
peak between 6701C and 8801C (a tendency of this
type of peak can also be seen in the test without
alkali additions in Fig. 6a), and that the temperature
for the last exothermic peak is 201 higher, at 12951C.
The first mass loss step is evaporation of water and the
other two correspond to the release of CO2 and O2,
respectively.

Figure 6c shows the DSC, TG, and dilatometer
thermogram from a 50/50 wt% powder mixture, heated
in a technical air atmosphere. The TG response (dashed
line) shows minor fluctuations up to 6001C with a dip
at 4001C. Between 6001C and 12001C, the mass re-
mains constant, and above 12001C there is a mass loss
of 0.2% up to 13501C. Fluctuations in the DCS re-
sponse (solid line) are considered as minor endothermic
peaks, corresponding to emissions of H2O and CO2.
The dilatometry response (dotted line) shows shrinkage
of 0.4% up to 1251C. Between 1251C and 9001C, there
is an increase in dilatation of 0.7% compared with the
original length of the sample. The dilatation increases
fastest between 5001C and 6001C, which corresponds
to an increase in the TG response, where the sample
probably reacts with oxygen in the atmosphere used. At
10001C, the sample starts to sinter and at 13501C the
shrinkage is 1.5% compared with the original size.

Figure 6d shows the DSC, TG, and dilatometer
thermogram for a sample heated under conditions sim-
ilar to the one in Fig. 6c but with the addition of 5 wt%
Na2CO3. The TG response (dashed line) shows a total
mass loss of 2.8% between room temperature and
13501C. The mass loss occurs in two steps: the first
and most pronounced between 851C and 1251C and
the second between 5001C and 7801C. The DSC re-
sponse (solid line) shows two endothermic peaks at
1151C and 12301C. In situ mass spectrometry shows
emission of water and CO2 at 1151C, corresponding to
mass loss, and an endothermic action, and emission of
CO2 between 5001C and 8001C, corresponding to mass
loss. The dilatometry response (dotted line) shows a
minor shrinkage of the sample up to 1151C, corre-
sponding to loss of water. Between 1501C and 11501C,
there is an increase in dilatation 2.1% of the original
sample. At around 12001C, the sample starts to sinter,
and at 13501C it has shrunk to a size 6.7% smaller than
its original size.

Phase Evolution

Figure 7 shows diffractograms from 50/50 wt%
powder mixtures of milled Victor brick and slag de-
noted C heat treated in a helium atmosphere at 7001C,
10001C, 13001C, and 13501C. Comparison of the
diffractograms reveals neither major phase transforma-
tion nor the formation of new compounds during the
endothermic reaction revealed by the DSC between
7701C and 10001C. Diffractograms of powders heated
to 13001C and 13501C show the formation of Fe3O4

(magnetite). The amount of Al2O3 decreases at high
temperatures, resulting in the formation of mullite.
Similar powder mixtures, with an additive of 5 wt%
of Na2CO3, were heated to 7001C, 11501C, and
13501C in an air atmosphere, to understand the reac-
tions revealed by thermal analysis. Those experiments
showed that mullite dissolves to form nepheline
(Na2O �Al2O3 � 2SiO2) between 7001C and 11501C.
The experiment performed with a sample heated to
13501C showed that the amount of nepheline phase
decreased at higher temperatures.

Discussion

This paper discusses the possible wear mechanisms
of refractory bricks serving as insulation in rotary kilns
used in iron ore pellet production. In the tests per-
formed in a laboratory furnace, it can be seen that the

Fig. 7. X-ray diffractograms that shows patterns for 50/50 wt%
powder mixtures between slag denoted C and Victor brick after heat
treatment at 7001C, 10001C, 13001C, and 13501C; all heated in
helium.
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reaction between brick and slag is enhanced by an alkali
addition, both in slag penetration depth into the bricks,
corrosion of the bricks, and adherence of slag to the
brick surface. Visual inspection alone detects that just a
few percent alkalis increase the degradation of the
bricks. Micrographs reveal that alkali reacts with the
acid oxide SiO2, while Al2O3 is more resistant against
degradation, which is expected based on information in
the literature.12,13 Alkalis decrease the melting temper-
ature of the slag, and in earlier observations14 it was
concluded that alkali-rich particles containing between
15% and 70% molten phase will stick and accumulate
on the surfaces.

Tests performed in an oxidizing atmosphere with-
out alkali additions (which simulate the conditions in
the kiln) show a stable system over the tested time pe-
riods. The degradation in the kiln takes place over
a much longer time interval (3–5 years) than in the
lab-scale tests (5–24 h). Thus, new phases may exist in
the kiln that take a considerably longer time to form
in quantities detectable by the XRD in the lab-scale
experiments.

DSC experiments of powder mixtures in an inert
atmosphere show that formation of magnetite takes
place during the reduction of the sample, starting at
approximately 11501C, and maximizes at 12751C. The
reaction is confirmed by XRD and by a SEM micro-
graph (Fig. 5), which reveals the nucleation and crystal
growth of the cubic inverse spinel magnetite. Similar
formations of magnetite have been reported earlier.9–11

This reduction is likely to occur in the kiln where the
accumulation of slag on the brick surface forms a con-
tinuous layer, causing the level of free oxygen to de-
crease and limit the amount available to react with the
slag closest to the brick surface.

Emissions of CO2 in the DSC experiments arise
from the decomposition of the additive Na2CO3, which
has a melting point of 8501C, but that start to decom-
pose at about 5001C according to equation (2).15

Na2CO3ðsÞ ! CO2ðgÞ þNa2OðsÞ ð2Þ
XRD experiments performed on samples heated in

air indicated that between 7001C and 11501C, the
basic oxide Na2O reacts with mullite and SiO2, result-
ing in the alkali-containing feldspathoid nepheline
(Na2O �Al2O3 � 2SiO2). This phase was detected earlier
in lab-scale experiments16 and in industrial kilns17 with
bricks of compositions similar to the ones used in
this study. At 13501C, after the endothermic reaction

(Fig. 6d), the nepheline amount had decreased. In con-
trast to a previous observation,17 no carnegieite (cubic
form of nepheline) could be detected after the reaction.
An amorphous phase evolved, seen as a glassy phase in
the micrographs from the slag/crucible reaction tests
(Figs. 2 and 3). The formation of an amorphous
phase has been observed previously by Sato et al.18 in
the case of a SiO2/Na2O mixture heat treated at
15001C, that is at temperatures substantially higher
than observed here.

Single grains of Al2O3 were seen to be more resis-
tant to alkali, but this does not necessarily imply that a
brick with a high Al2O3 content is a better material than
a brick with less Al2O3 content. Farris and Allen10 ob-
served that a higher SiO2 content in the liner brick re-
sulted in the rapid formation of a reaction layer that
prevents further penetration of the alkali. Such a pro-
tective layer was not observed in this study. Instead, the
degradation of the bricks with a low SiO2 content was
affected by the amount of mullite formed. The disinte-
gration of mullite that resulted in the formation of ne-
pheline is associated with a volume expansion, observed
by dilatometry to occur the fastest between 6501C and
7501C (Fig. 6d). In some cases, cracking of the test
crucibles was observed as a result of the mullite/slag in-
teraction and the phases formed.

It can be seen in the crucible/slag reaction tests that
the Fe2O3-dominant slag (with alkali addition) reacts
corrosively with the brick. Oxides with a strong affinity,
especially basic oxides such as Na2O, react with less
stable oxides such as SiO2,

19 which explains why the
brick material decomposes at low temperatures. There-
fore, we propose the following degradation pathway for
the bricks used in the rotary kiln used for pellet pro-
duction. The semi molten slag wets the bricks and its
pores, with slag penetration occurring at a temperature
when the surface energy overcomes the capillary pres-
sure in the pores. With the pores filled, the brick–slag
system contains steep chemical gradients that will be the
driving force for further penetration of slag species into
the brick by diffusion. The grain boundaries where the
diffusion occurs faster are the prime sites for the ob-
served chemical reactions to occur, resulting in the for-
mation of minor amounts of mineral phases with a
lower melting temperature, amorphous phases, and
weaker bonds between the grains. Such grain-boundary
degradation facilitates the release of corundum and and-
alusite grains, which then migrate into the slag, a process
observed especially in tests at the higher temperature.
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The release of those grains exposes a new fresh brick
surface to the slag, and the process continues.

Conclusions
� The amount of alkali present affects the extent

of reaction between slag and brick.
� Single grains of alumina were more resistant to

reactions involving alkali.
� Nucleation of magnetite takes place at a tem-

perature below 13001C, in an inert atmosphere.
� Microcracks appear in the interface between the

reaction layer and the underlying material.
� Sodium reacts with mullite to form nepheline,

which partially disintegrates to an amorphous
phase at 12301C.

The degradation of the brick consists mainly of two
steps:

(i) Slag infiltration and diffusion into the brick,
which is promoted by the presence of alkali.

(ii) Brick particles’ dislodgement and migration
into the slag through a corrosive and erosive mechanism.
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Abstract. Bricks used as thermal insulation in the production line of pellets have been used in 
slag/brick compatibility tests performed in a laboratory scale furnace at various temperatures 
and holding times. Iron ore pellets are prepared burden material for ironmaking. The system 
tested included slag collected from a production kiln, crucibles machined from two commercial 
bricks and additions of alkali species. QEMSCAN generated phase maps were used to 
characterize morphological changes at the slag/brick interface and to determine active chemical 
reactions. When alkali migrates into the brick phases such as kalsilite, nepheline and potassium 

-alumina are formed. Larger hematite grains (50-100 m) from the slag remain at the original 
slag/brick interface while smaller needle shaped hematite grains forms in the bulk of the brick 
and after some time reacts with corundum to form a solid solution, which is also predicted by 
thermodynamic simulations. Degradation of the brick occurred by loss of complete grains after 
grain boundary corrosion caused by contact with the slag. 

1. Introduction 
Refractories based on ceramic materials have been used in metallurgical processes since 
around 3500 B.C. when metals first were extracted from ores. Today there is an ongoing 
development of new refractories, but traditional alumina silicate refractories are still in 
widespread use, especially in the iron- and steelmaking industry, which uses 70% of all 
refractories [1].  

The pelletizing of iron ore as a burden material for blast furnaces was first patented 1912 by 
A.G. Andersson and the first commercial plant started in Minnesota, 1952. Two main 
processes are today used during such production: the traveling grate, and the grate-kiln 
process [2], where the grate is a roaster furnace and the kiln is a rotating furnace insulated 
with refractory bricks. The first iron ore pellet plant of grate-kiln type started 1960 and today 
there are globally 35 such Allis-Chalmers type pellet plants and a few of other types. 

Refractory bricks wear and need to be replaced after some time when exposed to a corrosive 
atmosphere at high temperatures. In rotary kilns the wear situation is complex since several 
different mechanisms operates simultaneously. The main source for corrosion and wear is 
residues from the pellet production that together with fly ash from coal burned to heat the kiln 
forms a so called slag that accumulates in chunks on the bricks. This phenomenon with 
adhesion of deposits on the refractories is observed at different iron ore production sites and 
types of kilns, and it seems to be related to the quality and composition of the burner fuel [3]. 
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Two common brick types used in such kilns have been used in this lab scale study (Victor 
HWM and Silox 60 produced by Höganas Bjuf AB). The dominant constituents in both brick 
types are alumina (Al2O3) and silica (SiO2) in different amounts, but there are also traces of 
other oxides present. Al2O3 and SiO2 in the ratio 3/2 form the mineral mullite during heat 
treatment, which have appropriate refractory properties, among them high melting 
temperature, low thermal expansion and low thermal conductivity. Mullite is a solid solution 
where the amount of Al2O3 can vary between 55 and 90 wt%, but it is commonly expressed 
stoichiometric by the oxide formula 3Al2O3·2SiO2 [4]. 

The company LKAB mines iron ore at different locations in the northern part of Sweden. 
From most of their ore they produce blast furnace pellets and direct reduction pellets. In 
several of their pellet plants a grate-kiln furnace system is used to shape and sinter the pellets, 
including the one in Svappavaara. In order to reduce the overall cost and to optimize the use 
of refractory material the process causing brick degradation must be better understood. The 
ore consists mainly of Fe3O4 (magnetite), but there are also gangue minerals and -Fe2O3
(hematite) present. Oxidation from magnetite to hematite takes place in the furnace system, 
where temperatures up to about 1350°C can be reached in the kiln [5].  

The slag in the kiln consists mainly of material from pellets that have disintegrated in the kiln. 
In addition, the slag contains alkalis. Alkalis are naturally present in the kiln and originate 
from the coal which is burned to heat the kiln, but also from the binder additive bentonite and 
traces in the bricks. Thus, the slag is a mixture of different oxides, mainly iron oxides, but 
also alkali-, alkaline earth- and other oxides. 

In general, the most harmful wear mechanisms of refractory bricks in this application, is a 
combination of mechanical strength degradation caused by the slag and thermal shock [6]. 
The brick degradation is caused by concurrently active processes of chemical reactions and 
migration of grains from the refractory lining into flow of viscous molten slag [7]. 

During a chemical attack caused by alkali containing slag, refractories corrode and some 
specific phase transformations occur. When alkali reacts with aluminosilikates, the 
feldspathoids nepheline (NaAlSiO4), kalsilite (KAlSiO4) and leucite (KAlSi2O6) are 
commonly formed [8], while the formation of the alkali feldspars orthoclase (KAlSi3O8) and 
albite (NaAlSi3O8) depend on time and presence of free SiO2 and jadeite (NaAlSi2O6) only 
forms under high pressure [9]. However, detailed descriptions on the wear mechanisms are 
still lacking to facilitate improved life time through proper brick design. Thus, this paper 
gives detailed descriptions of the chemical reactions occurring at the interface between the 
brick and alkali containing slags. The reaction zone is characterized after different types of 
heat treatments by x-ray diffraction (XRD) and electron microscopy and spectroscopy 
(QEMSCAN and SEM), and the experimental observed reaction products are compared to 
thermodynamic simulations of the same system. 

2. Material 
The chemical compositions of the bricks, based on datasheets from the producer, are shown in 
Table 1. The brick Victor HWM is based on bauxite while Silox 60 is based on andalusite. 
Their porosity is between 15 and 20 % and their density 2500-3000 kg/m3. The slag used in 
this study was collected at the outlet of a production kiln located in Svappavaara (LKAB), 
Sweden, during a production stop. Additives used were K2CO3 and Na2CO3 (both from 
Merck, 99.9 wt% purity). 



wt% Victor HWM Silox 60 
Al2O3 ~73 ~60 
SiO2 ~26 ~37 
CaO 0.2 0.1 
TiO2 2.7 1.5 
Fe2O3 1.1 0.9 
Alkalis 0.3 0.5 

Table 1. Chemical composition of refractory bricks used in this study. 

3. Experimental methodology 

3.1. Heat treatment 
Different crucible/slag reaction tests were performed. Each test included both crucible types 
(Victor HWM and Silox 60). Crucibles were machined from bricks in their as fabricated 
condition, with dimensions of 40x40x50 mm3. The diameter of the cavity was 16 mm, with a 
depth of 25 mm. Each cavity was filled with a milled 8 g powder mixture comprised of slag, 5 
wt% sodium and 5 wt% potassium, both alkalis in the form of carbonates. The crucibles were 
heated to different temperatures near the process temperature in the kiln for different holding 
times. After heat treatment, the crucibles were cut in two parts along the center of the cavity, 
to facilitate investigation of the slag/brick interface. The interfaces were polished and carbon 
sputtered before electron microscopy. 

3.2. Microstructure characterization 
The chemical composition of the slag were determined by x-ray fluorescence spectroscopy 
(XRF) using rhodium x-ray radiation, flow proportional counters for Na, Mg and Al and a 
scintillation counter for all other elements over a 2 -interval of 22 to 145º, using a 
PANalytical MagiX instrument.

The x-ray diffraction experiments were conducted on as fabricated bricks, milled to a powder, 
with a Philips X-ray diffractometer (MRD) instrument, using Cu K  radiation. The 
diffractograms were recorded over an interval 10 to 90º of 2 . Scanning electron microscopy 
(SEM) studies were carried out in a JEOL JSM-6460 (software INCA), equipped with energy 
dispersive spectroscopy (EDS). To map the location and chemical composition of the 
minerals present in the sample, quantitative mineralogical evaluations using a QEMSCAN®

system were performed. The system is based upon a Zeiss E340 scanning electron microscope 
with four energy dispersive x-ray spectrometers (EDS). The resulting x-ray and backscattered 
electron signals (BSE) are compared with a database of known minerals and amorphous 
phases to produce a mineralogical identification [10-12]. Species with similar EDS-spectrum 
such as magnetite and hematite, can be differentiated by different BSE signal, while it is still 
difficult to separate magnetite and wüstite, since the software does not differentiate crystal 
structures [13]. Several studies have been performed using this type of instrument, for 
different kind of mineralogical systems, such as aluminosilicates in fly ash [14], kimberlite 
ores [15], and gold-bearing ores [16]. In this study phase maps were recorded based upon 
point analysis with a step size of 7 m.

A mineral database – Species Identification Protocol (SIP) – is used in the QEMSCAN®

studies for phase identification. The SIP is built by the user to describe the different minerals 
and slags. These include amorphous phases, boundary phases and minerals with impurities. In 



this work special attention was given to the definitions of complex slag phases, hematite, 
corundum and mullite, all with variable composition. The SIP was built using detailed X-ray 
spectra which were collected at different sample areas of interest. For phase identification, the 
software works through the SIP from top to bottom and defines the measurement according to 
first match. The SIP is sorted with the minerals first, followed by defined slags and other 
undefined groups. Table 2 gives the compositions of the modified SIP-entries used in this 
study.

Al2O3 SiO2 Fe2O3 K2O Na2O
Alumina silicate matrix 25  40 ±5 10 ±3.5 15 ±6 10 ±3.5

Slag (Al-Fe) 30 ± 5 25 ±5 25 ±3.5 10 ±6 10 ±3.5

Slag (Al-Si) 45 ±5 30 ±5 10 ±3.5 10 ±3 5 ±3.5

Hematite (Al) 35 ±5   50 ±7 10 ±3   
Hematite (Al-K) 45 ±5   50 ±3.5 10 ±3   
Mullite needles 
in alkali glass 50 ±5 30 ±5 5 ±3.5 10 ±3 5 ±3.5

Mullite 60 ±5 40 ±5       
Mullite (Ca-K) 65 ±5 5 ±5 7 ±7 20 ±6 5 ±3.5

Corundum 100 ±5         
Corundum (K) 70 ±10 5 ±5 10 ±10 10 ±3 5 ±3.5

Corundum (Fe) 85 ±5   15 ±3.5     
Corundum (High Fe) 55 ±5   40 ±7 10 ±3   

Table 2. Composition in wt % for modified entries in the Species Identification Protocol (SIP) used in the 
Qemscan analysis. 

3.3. Thermodynamic simulations 
Thermodynamic simulations were carried out by the software Factsage, version 5.5 
(Thermfact/CRCT, GTT-Technologies) using the equilibrium package. A complex system 
such as a refractory-slag system never reaches equilibrium, but simulations were performed to 
give an indication of which phases that represent the end points of the reactions. The 
simulations were carried out between 500 and 1400°C, in argon atmosphere at ambient 
pressure.

4. Results 

4.1. XRF-analysis 
The composition of the slag used in the tests is presented in Table 3. The slag is assumed to 
be fully oxidized, thus its composition is presented as oxides (in wt%).

Fe2O3 SiO2 Al2O3 MgO CaO FeO TiO2 Na2O K2O V2O5 MnO P2O5
92.45 3.11 0.99 1.38 0.58 0.54 0.29 0.128 0.102 0.19 0.09 0.053

Table 3. Chemical composition of the slag used in the experiments. 

4.1. XRD-analysis 
The x-ray diffractograms of powders of milled bricks Victor HWM and Silox 60 in their as 
received condition show that mullite and corundum are present in both brick types (Fig. 1). In 
addition both bricks contain traces of other oxides, including quartz. 



Figure 1. XRD diffractogram of the original brick materials Victor HWM and Silox 60. 

4.2 Qemscan 
Figure 2 depicts graphically the minerals assays detected by QEMSCAN of the investigated 
samples and the minerals concentrations. The color codes used in Figure 2 is also used in the 
field images (Fig 3-10). Abbreviations used in the figure are: V=Victor HWM and S=Silox 60 
= S, e.g. S(24)1400 should be read as Silox 60 crucible tested at 1400°C for 24 hours.

Figure 2. Mineral assay of different minerals and phases from the Qemscan analysis.  



The mineral assays are generated from a frame size of a minimum of 0.5 cm2. The mineral 
assays confirm that both brick types in their as received condition contain primarily corundum 
and mullite (Corundum, Mullite and Mullite (Ca-K)). The Victor material has a higher Al2O3
content which is seen in Fig. 2 as a higher Corundum content. In the case of the reactions 
zones, the mineral assays should be read with some caution since the volume fractions of the 
formed phases are strongly related to the frame size. However, for Victor HWM the major 
reaction products are: Corundum (K), Corundum (Fe), Alumina silicate matrix, Mullite
needles in alkali glass and Slag (Al-Fe), and for Silox 60 the major reaction products are: 
Alumina silicate matrix, Slag (Al-Fe) and Slag (Al-Si). Also some hematite from the added 
slag is found in the samples such as Hematite and Hematite (Al).

4.2.1. Victor - slag interface 
Figure 3 shows the phase mapping of Victor HWM with the interaction zone from reaction 
test with 5 hours dwell time at 1400°C. The large white area in the top part of the micrographs 
is the crucible cavity containing some adhered hematite slag (red).  

Figure 3. Phase map generated by a Qemscan field image scan showing Victor HWM and the interaction zone 
with the slag  after 5 hours at 1400ºC. 

A reaction layer has formed between the hematite and corundum zones. Deeper into the brick 
alkali has penetrated further and is found mainly as Mullite needles in alkali glass. The 
corundum grains are intact and some alkali has migrated along the grain boundaries. Deeper 
into the bulk Slag (Al-Si) is present. In addition, closely related to the alkali migration fronts 
the phase potassium -alumina and the feldspathoid minerals kalsilite and nepheline are 
formed.  

A higher magnified Qemscan micrograph of Victor HWM interaction zone after 5 hours at 
1400ºC is seen in Figure 4. At the surface Hematite is dominating, and further down layers of 
Hematite (Al) and Hematite (Al-K) are present. Below the Hematite zone Corundum (High 
Fe) and Slag (Al-Fe) is present and even deeper layers of Corundum (K) and Slag (Al-K) are 
observed.



Figure 4. Back scatter micrograph (left) and Qemscan-phase map (right) of Victor HWM-slag interaction zone 
after 5 hours at 1400 ºC. Identified phases in different reaction zones are given to the right.  

Figure 5 shows a phase map of Victor HWM with the interaction zone from reaction test with 
72 hours dwell time at 1400°C. The large white area in the top part of the micrographs is the 
crucible cavity containing some adhered hematite. The corundum and hematite solid solution, 
Corundum (Fe), have further increased in concentration and is seen as needle like formations 
at the surface. The reaction layer is more diffuse compared to samples with 5 hours dwell 
time. Much of the alkali is present in the Alumina silicate matrix which is distributed over a 
relatively large area.

Figure 5. Phase map generated by a Qemscan field image scan showing Victor HWM and the interaction zone 
with the slag after 72 hours at 1400ºC. 



A higher magnification of Fig. 5 is shown in Fig. 6. At the surface Hematite is dominating 
together with needles of Corundum (Fe). Further down, a Corundum and Mullite zone is 
present. Below a zone with Corundum and Alumina silicate matrix is present.

Figure 6. Back scatter micrograph (left) and Qemscan-phase map (right) of Victor HWM-slag interaction zone 
after 72 hours at 1400 ºC. Identified phases in different reaction zones are given to the right.  

4.2.2. Silox 60 – slag interface 
Figure 7 shows the phase map of Silox 60 with the interaction zone from reaction test with 5 
hours dwell time at 1400°C. The large white area in the top part of the micrographs is the 
crucible cavity containing a mixture of Hematite and Slag (Al-Fe).

Figure 7. Phase map generated by a Qemscan field image scan showing Silox 60 and the interaction zone with 
the slag 5 hours at 1400ºC. 



A distinct reaction layer has been formed between the hematite and corundum/mullite. Behind 
this reaction layer a crack is seen between the layer and the bulk of the brick material. Alkali 
penetration further into the bulk material is less pronounced and mullite and corundum grains 
are intact. 

In Fig. 8 the phases occurring at the interaction zone from 5 hours crucible test at 1400ºC are 
highlighted. At the surface Hematite is dominating together with the Slag (Al-Fe). Further into 
the zone the Slag (Al-Fe) is still present together with Hematite (Al-K) and Corundum (High 
Fe). Closer to the Mullite area a zone of Corundum (K) and Slag (Al-Si) is found. 

Figure 8. Back scatter micrograph (left) and Qemscan-phase map (right) of Silox 60-slag interaction zone after 5 
hours  at 1400ºC. Identified phases in different reaction zones are given to the right. 

Figure 9 shows a phase mapping of Silox 60 with the interaction zone from reaction test with 
72 hours dwell time at 1400°C. The surface contains some adhered hematite with corundum 
and hematite solid solution needles. The reaction layer is more diffuse compared to samples 
with 5 hours dwell time. A majority of the alkali is present in the Alumina silicate matrix
which is distributed over the reaction layer.



Figure 9. Phase map generated by a Qemscan field image scan showing Silox 60 and the interaction zone with 
the slag 5 hours at 1400ºC. 

Figure 10 shows that after 72 hours Hematite (Al) is dominating at the surface together with 
needles of Corundum (Fe), below which a zone with Corundum and Alumina silicate matrix 
is present. A third and fourth layer are dominated by Corundum and Mullite, and Corundum
and Orthoclase, respectively. 

Figure 10. Back scatter micrograph (left) and Qemscan-phase map (right) of Silox 60-slag interaction zone after 
72 hours at 1400ºC. Identified phases in different reaction zones are given to the right. 



4.3 SEM/EDS 
High resolution analysis performed by SEM/EDS shows the migration of hematite through 
the partly dissolved and porous brick bulk by capillary infiltration and diffusion. It appears as 
needle shaped formations deeper in the brick material. A typical image of the migration is 
illustrated in Fig. 11(a) and is found in both the tests with Victor HWM and Silox 60. Figure 
11(b) shows needle like formations with stoichiometric proportions K2O·11Al2O3 and is more 
profound in the Victor HWM brick than in Silox 60. The label used in the Qemscan analysis 
of this phase is Corundum (K) and it is referred to in the literature as potassium- -alumina 
[17]. Secondary mullite is formed around the mullite grains in the presence of alkalis in both 
Victor HWM and Silox 60, shown in Fig. 11(c). In the Qemscan images the secondary mullite 
is called Mullite needles in alkali glass.

It is observed in both the tests, 1350°C (24h) and 1400°C (5h), that the brick with higher 
corundum content (Victor HWM) have a less distinct penetration front and the corundum 
grains stay more intact. The alkalis have migrated along the grain boundaries in the high 
corundum brick, while the andalusite based brick (Silox 60) create a reaction layer, shown in 
Fig. 11(d). Such reaction layer is reported to prevent further slag penetration [17] and consists 
of nepheline [18] that forms a dense layer through a volume expansion, outside the layer of 
secondary mullite. 

Figure 11. Back scattered electron micrographs that shows; (a) hematite migrated through the dissolved brick in 
needle shaped formations, (b) formation of potassium-beta-alumina, and (c) formation of secondary mullite; all 
from the Victor HWM crucible in the test at 1400°C (5h), and (d) the reaction layer between mullite and slag, 
from the Silox 60 crucible in the test at 1400°C (5h). Seen in image (d) is: (i) hematite in needle formations in 
the slag phase, (ii) formation of nepheline together with mullite needles, (iii) secondary mullite and (iv) primary 
mullite. 



From the reaction test with 72 hours dwell time at 1400°C, the corundum and hematite solid 
solution have further increased in concentration, Fig. 12, and appears as needle like 
formations in Victor HWM and Silox 60. The white regions adjacent to the needles are 
hematite with the presence of titanium and without aluminium. Thus the corundum/hematite 
solid solution is Ti depleted while it retains Al. Most of the alkali have evaporated or migrated 
out of the slag and into the brick. The progression of the reaction zone is therefore affected by 
the lack of alkali to drive the zone further. Noteworthy is that the protective nepheline 
reaction layer observed in the Silox 60 crucibles after 72 hours, is now lost and the 
penetration front looks similar in both crucible types. 

Fig ure 12. Back scattered electron micrograph from the Silox 60 crucible test at 1400°C (72h). Large arrows to 
right mark the needle formations of the corundum-hematite solid solution, small arrows to right in the image 
mark the periphery of these needles that consists of hematite with Ti, depleted of Al, the circle marks hematite 
grains in snow flake formations, in an alumina-silicate matrix. 

4.4. Thermodynamic simulations 
The composition of the system used for the first thermodynamic simulation was: 

5 grams of 3Al2O3·2SiO2 (mullite) 
1 gram of K2CO3

1 gram of Na2CO3

This is an approximation of the composition in the brick crucible tests when excluding 
hematite. The result of the simulation is shown in figure 13 as phase fraction as a function of 
temperature. The simulation is based on reaching equilibrium at every temperature, which 
results in reactions between alkali, mullite and corundum at considerably much lower 
temperatures than what is experimentally observed. Only solid phases and gaseous (not 



shown) are considered. The Al2O3 and the mullite are already disintegrated at 550°C when the 
simulation starts. Instead K2Al12O19, NaAlSiO4, KAlSiO4, and Na2CO3 appear. At 700°C the 
Na2CO3 disappear, and KAlO2 forms. The largest variation in concentrations is at 1100°C 
when K2Al12O19 totally disappear to the benefit of KAl9O14.

Figure 13. Thermodynamic simulation of a system consisting of mullite, K2CO3, and Na2CO3, carried out 
between 500 and 1400°C in argon atmosphere at ambient pressure. 

In a second thermodynamic simulation 5 g of Fe2O3 (hematite) was added to the previous 
starting composition. The result of the simulation is shown in figure 14. 

Figure 14. Thermodynamic simulation of a system consisting of mullite, hematite, K2CO3, and Na2CO3, carried 
out between 500 and 1400°C in argon atmosphere at ambient pressure. 



The major difference between the two simulations, are that Al2O3 and Fe2O3 forms a solid 
solution (corundum) already at the starting temperature. As a result from Al2O3 being a part of 
this solid solution and increased presence of free SiO2 occurs, which forms Na2SiO3 at the 
starting temperature. Corundum start to disintegrate at 1100°C and instead a spinel forms. The 
spinel formation includes Al which has the effect that the KAl9O14 concentration starts to 
decrease at 1250°C. 

5. Discussion 
This work focus on the degradation of bricks serving as refractory liners in rotary kilns at iron 
ore pellet production; focusing on chemical reactions that might occur, and how alkali 
migrates in the mullite based refractories, based on lab-scale experiments. In the tests it can be 
seen that the reaction between brick and slag is more enhanced by an increased temperature, 
compared to increased dwell time, both in the form of penetration depth of slag into the 
bricks, corrosion of the bricks and how the slag adheres to the brick surface. Micrographs 
reveal that alkali react primarily with mullite, and secondarily with Al2O3, forming -Al2O3
which is expected based on the literature [17, 19]. The penetration front is less distinct in the 
case where corundum exists in higher amounts, compared to the mullite based bricks. 
Corundum grains keep more intact than mullite grains but the grain boundaries corrode and 
the grains migrate into the slag. 

The interaction between slag and bricks observed in this study can be described as: grains of 
hematite with sizes between 50-100 m remain on the original surface of the brick. 
Micrometer sized hematite migrates through the partly dissolved and porous brick by 
capillary infiltration and diffusion, and appears in needle shaped formations deeper in the 
lining material. Hematite has an isomorphic structure to corundum and forms a solid solution 
according to the thermodynamic simulations, which is also seen experimentally as needle like 
formations. Below the layer of dissolved brick that contains these two types of hematite 
needles, another layer of -alumina and feldspathoids are formed, seen experimentally and in 
accordance with the thermodynamic simulations. This disintegration of mullite that results in 
formation of nepheline is associated with a volume expansion, observed by dilatometry to 
occur fastest between 650 and 750°C [18] and in some cases causing cracks in the tested 
crucibles. Beneath is a third layer with secondary mullite formed, caused by the molten 
feldspar present during the heat treatment. Mullite in needle-like formations in an alkali rich 
glass is in accord with earlier observations [20-23], where formation of primary mullite was 
observed when heating clay. The nucleation of primary mullite occurred in an amorphous 
silica glass with sizes less then 0.5 m, while the alumina richer secondary mullite started to 
grow from primary mullite in needle shaped formations with lengths above 1 m, in the 
presence of an amorphous alkali-aluminosilicate melt. The potassium that causes this 
transformation is the element that migrates deepest into the brick. Scudeller et al. [8] 
suggested that K2O reacts with SiO2, forming a glassy matrix. With time kaliophilite 
(K2O·Al2O3·2SiO2), the cubic form of kalsilite, is formed; and with longer time and depending 
on the presence of free SiO2, leucite (K2O·Al2O3·4SiO2) is formed. At a dwell time of 72 
hours a high concentration of a glassy Alumina silicate matrix is present, especially in Silox 
60, which further enhances the degradation of the brick [18]. 

Potassium beta-alumina ( -Al2O3) was observed as a reaction product in needle like 
formations experimentally, and was confirmed by thermodynamic simulations as KAl9O14,
which has a similar composition. -Al2O3 containing sodium and/or potassium are observed 
in the literature in needle like formations [24] and with different molar ratios [8, 17, 24-26]; 
where the ’ and ’’ phases contain an increasing amount of alkalis. The -Al2O3 is no longer 



present after for 72 hours, to the benefit of the Corundum (Fe) solid solution and the Alumina 
silicate matrix. Potassium is observed to a higher extent than sodium in the slags and 
brick/slag reaction products even when equal amounts are present in the starting mixture, 
possibly due to sodium evaporation during the tests. In order to improve the lifetime of the 
refractories primarily the penetration of potassium needs to be suppressed.

6. Conclusions 
The presence of alkali causes several types of chemical reactions that are detrimental 
to the lifetime of both types of brick investigated. 
Potassium is a more detrimental alkali than sodium since it penetrates deeper in to the 
brick.
Alkali penetrates deeper in the high corundum bricks, forming -alumina, nepheline 
and kalsilite accompanied with a volume expansion that causes brick degradation 
through cracking. 
The slag adheres harder to the brick with lower corundum concentration. 
A protective reaction layer is formed in the low corundum brick, which only stays 
intact at lower temperatures and short dwell times. 
Grains of hematite, with sizes between 50-100 m, were observed to remain on the 
origin surface of the brick, while micrometer sized hematite migrates through the 
partly dissolved and porous brick bulk by capillary infiltration and diffusion, and 
appears in needle shaped formations deeper in the lining material. 

At high temperature corundum and hematite forms a solid solution, which is depleted 
of Ti. 
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