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Abstract 
Iron is one of the most important resources in the lithosphere; 90% of all metal ores extracted 
are based on iron. Many steps are included in the extraction of iron from ore, with extraction 
processes varying among different producers. Iron ore pellets are a prepared burden material 
for ironmaking in the blast furnace or by direct reduction. Such pellets can be sintered in a 
grate-kiln furnace system, in which the kiln is usually lined with mullite-containing bricks. 
These bricks degrade by various mechanisms, and need to be replaced regularly, which causes 
expensive production stops. Materials deposit in chunks on the lining in the kiln. These 
deposits comprise ~95% hematite with oxides of alkali metals, alkaline earth metals and 
others, which originate mainly from pellets that have disintegrated, but also from fly-ash from 
the burner fuel used to heat the kiln.  
  
This study investigated the interaction of deposit materials with refractory lining bricks in 
kilns during the sintering process in iron ore pellet production. Results are obtained from 
laboratory scale experiments, and from samples collected from industrial kilns, both in-situ 
and during production stops. Refractory/deposit compatibility tests were performed in a 
laboratory furnace at various temperatures, for different holding times, and in a number of 
atmospheres. Deposit materials collected from three commercial lining bricks in production 
kilns were analysed in both powder and solid forms. Deliberate additions of alkali species 
(carbonates of potassium and sodium) were made in order to evaluate their influence on 
degradation mechanisms.  
 
Analysis using scanning electron microscopy, QEMSCAN (quantitative evaluation of 
minerals by scanning electron microscopy), x-ray diffraction, differential scanning 
calorimetry, thermogravimetry and in-situ mass spectrometry confirmed that alkali additions 
in the deposit materials dissolve mullite in the liner bricks, which accelerates degradation. 
Phases such as nepheline (Na2O·Al2O3·2SiO2), kalsilite (K2O·Al2O3·2SiO2), leucite 
(K2O·Al2O3·4SiO2) and potassium β-alumina (K2O·11Al2O3) were formed. Moreover, it was 
observed that potassium penetrates deeper into the lining material, and in larger amounts, than 
sodium, both on the laboratory scale and in industrial furnaces. Formations of alkali-
containing phases such as the feldspathoid minerals kalsilite and nepheline are coupled with 
an expansion in the lining material, observed by dilatometry, which causes structural spalling 
that appears as cracks in some of the refractory/deposit compatibility tests. Grains of hematite 
with sizes between 50-100 µm remain on the original surface of the brick, whereas 
micrometer-scale hematite migrates through capillary infiltration (in pores, brick joints and 
cracks) and diffusion, and appears in finer grains deeper in the lining material. The 
degradation mechanisms of the bricks in an iron ore pellet producing kiln are shown to 
involve these chemical reactions in combination with thermomechanical stresses. 
 
Recommendations are given regarding the choice of materials, the design of refractory liners 
in the kilns to extend the time between production stops necessary for repair. 
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1. Introduction 

1.1. Manufacture of iron ore pellets 
Mankind has extracted iron from different ores in the bedrock since around 1800 B.C. when 
the early Iron Age started in India (Tewari, 2003). Rare findings of man-made tools fashioned 
from iron are believed to be dated 5000 B.C. or even earlier, made from ferrous iron found in 
meteorites (Sherby and Wadesworth, 2001; Groche et al., 2007). Bronze had been used earlier 
to produce tools, but smelting techniques were developed during the early Iron Age such that 
iron, which has a higher melting temperature, could be extracted. Smelting methods have 
been refined during the years, but parts of the processes have remained the same for hundreds 
of years. Today, producers mainly mine hematite (Fe2O3) or magnetite (Fe3O4) ore. In 2010, 
~1,600 Mt of iron ore was mined worldwide in about 50 countries - the largest producers of 
converted iron ore were Australia (24.6 wt%), Brazil (18.8 wt%) and India (16.1 wt%) 
(UNCTAD, 2010). 
 
The release of iron from chemically bonded oxygen is the main objective in ironmaking. The 
most efficient process known today is reduction by coke in a blast furnace. An important 
improvement in ironmaking during the 20th century was the development of the pelletising 
process. Pelletising of iron ore is a method of Swedish origin, patented in 1912 by A.G. 
Andersson. The process was developed in the United States in the 1940s - the first 
commercial plant started in Babbitt, Minnesota in 1952 (Chernyshev, 1962). Minerals such as 
quartzite, dolomite or olivine are added to the pellets to act as slag formers during reduction, 
such that these reactants do not need to be added separately in the blast furnace process. The 
most common method of pelletising is the travelling grate process (Thurlby et al., 1979). This 
travelling grate uses a stationary bed of pellets, which are transported through the entire 
process that comprises zones of drying, oxidation, sintering and cooling. The travelling grate 
process is often used for pelletising of hematite ores. Figure 1.1 shows a schematic of a 
travelling grate of length 90 m. 
 

 
Figure 1.1. Schematic of a travelling grate furnace (Ljung, 2010).  
 
The second most common processes used for pelletising is the grate-kiln process, which is 
often used for pelletising of magnetite ores. This process uses a shorter grate, with part of the 
oxidation and sintering taking place a the kiln, which is a rotating furnace that achieves a 
more homogenous induration and a higher pellet quality. The process possesses further 
advantages: a lower consumption of electric energy; greater suitability for large scale 
production; and consumption of a lower amount of high temperature resistant steel alloys 
(Zhang et al., 2011).  
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1.2. Rotary kilns 
Devices used for heating and hot processing are variously called furnaces, kilns and ovens. A 
furnace produces a molten charge or product, while a kiln is used for calcination or sintering, 
and an oven is used at lower temperatures e.g. for drying or glass annealing. However, this 
distinction is not always consistent. There are also other high-temperature devices named as 
none of the above, e.g. reactors, steam boilers, incinerators, stills, retorts, cracking towers, 
converters or melting tanks (Carniglia and Barna, 1992).  
 
Rotary kilns were originally developed for the production of Portland cement during the late 
19th century. The well-known engineer Thomas Edison was one of the developers, with 
several improvements patented (Edison, 1904a; Edison, 1904b, Edison, 1906). Besides 
cement production, rotary kilns are used for drying or sintering in many different applications, 
e.g. lime regenerating, heat treatment of hazardous waste, or refinement and processing of raw 
minerals, such as iron ore. Figure 1.2 shows an example of an incineration kiln. 
 

 
Figure 1.2. Incineration kiln in Rotterdam (Ndiaye et al., 2010). 
 
Kiln design varies with application (Boateng, 2008). Designs can be classified in groups as 
follows: 
 

• Wet kilns are usually fed with slurry materials, and therefore have lengths of the order 
150–180 m, such that drying, preheating and calcination can all occur in the kiln. 
These are commonly used as lime mud kilns. 

• Long dry kilns with lengths of the order 90-120 m are used for drying, preheating and 
calcination, as in the previous type. These are commonly used in the cement industry. 

• Short dry kilns with lengths of the order 15-75 m are usually accompanied by an 
external preheater (e.g. a roaster grate). When calcination of the feed starts in the 
preheater, a shorter kiln can be used. These are commonly used in the refinement of 
metal ores. 
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Rotary kilns are normally lined with standard shape refractories specified for the application, 
most often in form of bricks. Brick design, shape and engineering demand are selected with 
regard to the kiln diameter, conditions prevailing in the specific kiln, and the different zones 
in the kiln. There are two brickwork types: ring and bond. With larger diameters, relatively 
low temperatures, and a pasty slag, ring brickwork is advantageous. Ring brickwork is also 
easier to repair, since damaged bricks can easily be replaced. For higher temperatures and 
smaller diameters, bond brickwork is preferred, when joints, which are viewed as weak spots, 
are protected by a slag coating. At higher temperatures, the lining is exposed to a thin liquid 
slag, which attacks joints. Since the joints are staggered in bond brickwork, wear is less 
extensive than in ring brickwork (Nowak, 2004). 
 
Other large users of rotary kilns (in addition to cement producers) are lime producers 
(Boateng, 2008). Limestone (CaCO3) has been burnt to lime (CaO) in kilns since ancient 
times, for use in building mortars. Today, the paper industry is a large user of lime. The first 
lime kiln of the rotary type was installed in Skutskär, Sweden, in 1905 (Duell and Jansson, 
2005). 
 
The first iron ore pellet plant of the grate-kiln type was established at Humboldt Mine, 
Michigan in 1960 (Sgouris and Oja, 2008). Today, there are 35 such pellet plants of the Allis-
Chalmers (a predecessor company to Metso) type in use globally, as well as a few unique 
types found particularly in China. The pelletising process has also been adapted for the 
extraction of other metal ores. Figure 1.3 shows the LKAB (Loussavaara Kiirunavaara 
Limited) kiln No. 4 in Kiruna, Sweden. 
 

 
Figure 1.3. The LKAB kiln No. 4 in Kiruna, Sweden. 
 
A typical rotary kiln used in iron ore pellet production may have a length of 40 m, a diameter 
of 7 m, and is fired by coal or natural gas. The kiln is linked to a grate (preheater) and a 
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cooler. This system is commonly referred to as a grate-kiln-cooler (GKC), or just grate-kiln. 
Temperatures up to about 1400°C can be achieved in the kiln. The total residence time of the 
pellets in the GKC process, is around one hour. The refractory lining normally comprises 
bricks based on Al2O3 and SiO2.  
 
There are also kilns lined with castables. Figure 1.4 shows such a kiln during installation of 
pre-fabricated castables (Ezhou city, China). It is more difficult to remove such types of lining 
during repair, with a risk of deforming the steel shell beneath the lining. 
 

 
Figure 1.4. A rotary kiln with pre-fabricated castables (Ezhou city, China), seen during installation. 

1.3. Degradation of linings in rotary kilns 
High temperatures are applied during iron and steelmaking, and during the preparation of 
burden materials. The lining in rotary kilns for iron ore pellet production degrades over time, 
and must be replaced regularly. Degradation is a complex process since several different 
mechanisms operate simultaneously. The main sources of degradation are residues from the 
pellet production that together with fly ash from coal burned to heat the kiln deposit and 
accumulate in chunks on the lining. Adhesion of deposits on the refractories is observed at 
different iron ore production sites and in different types of kilns, and appears to be related to 
the quality and composition of the burner fuel (Uenaka et al., 1983). Thermal shock induced 
by temperature gradients at starts and stops in the operation together with mechanical strain 
may cause urgent stops in production, because of fall outs of bricks.  
 
Different Al2O3 concentrations in the refractories are used at different production sites and at 
different locations in the kilns, sometimes as high as 90%, to increase the refractive properties 
of the bricks. To avoid thermal spalling the porosity is then increased, which can lead to 



INTRODUCTION 

 5 

higher infiltration, a reduced resistance to corrosion and abrasion, and a reduction in the 
strength of the liner. Another factor to consider is the price of refractories, which increases 
with higher Al2O3 concentrations. 
 
Alkali metal oxides and salts are known to act corrosively on the lining, even when present in 
small concentrations (Jacobson et al., 1996; Dahotre et al., 2001). Coal always contains 
inclusions of mineral matter that remain as fly-ash after combustion, which causes problems 
in fuel-burning systems when such deposits form on linings. In general, the most abundant 
elements are silicon, aluminium, iron, calcium, magnesium, sulphur, phosphorus, sodium and 
potassium; all known glass formers. In addition, trace elements may be present (Reid, 1984). 
A thin layer of deposit on the surface can protect the lining, but when these formations 
increase in thickness they contribute to mechanical strain.  
 
Very little is published regarding degradation of the lining in rotary kilns for iron ore pellet 
production. Existing studies and related works are reviewed in the next section.  

1.4. Previous work  

1.4.1. Grate-kilns for iron ore pelletising 
A former manager at the Allis-Chalmers Corporation, R. F. Cnare, reported investigations 
into fuel combustion in grate-kiln plants that the company had carried out in the 1970s 
(Cnare, 1977). It was observed that the key factor for deposition in the kiln was the presence 
of dust, and that deposition of fly-ash on the lining could be minimised through correct 
selection of coal, and optimisation of overall process control. Tests with combustion of 
natural gas showed that in addition to the absence of deposited fly-ash, another benefit was 
that the lining temperature could be maintained more than 50ºC lower, because the radiation 
of natural gas flames is less than flames of coal or oil.  
 
Kobe steel in Japan noted in 1981 enhanced adhesion of deposits on the lining, when the 
burner fuel was changed from heavy oil to coal because of the sharp increase in fuel price 
(Uenaka et al., 1983). They carried out adhesion tests on a water cooled specimen inserted 
through a hole situated at the end of the preheat chamber, just before the starting point of the 
kiln. They investigated the amount of ash adhering to the detection bar, density of the deposit, 
coal properties such as fine particle size, ash content, proportion of pulverised ore in the 
preheated pellets, and operating conditions such as kiln off-gas temperature. It was observed 
that even if the same type of coal was fired, the amount of deposit varied with operating 
conditions. The major components of the deposits were Fe2O3, Al2O3 and SiO2. 
 
Zhu et al. (2003) reported on lining problems in a rotary kiln in Qian’an, China. Urgent 
production stops caused by fallouts of bricks occurred only a few months apart. Different 
types of brickwork and lining material (e.g. chamotte, high alumina and phosphate bonded 
alumina) were tested in the kiln, to avoid fall outs and rapid deterioration of the lining. In 
2000, they tested a mullite brick of an increased size, which was still working two years later. 
 
Xu et al. (2009) reported lining problems in rotary kilns in Wuhan, China. These kilns also 
had problems with rapid accumulation of deposits on the lining that were hard to remove. One 
of the main reasons for this was the use of burner coal with a high fly-ash content and low ash 
melting point. Another important parameter was the impact strength of the iron ore pellets, 
which was observed to depend on the ore and bentonite qualities, mixing method, and 
moisture content during mixing. Pressure and airflows were observed to be important 
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parameters in one of the plants, since these dictate where the fly-ash falls, and also affect the 
extent of pellet disintegration, contributing to deposits on the lining. Sulphur from the fly-ash 
acted corrosively on the lining. Iron oxides were observed to infiltrate the lining, which was 
accompanied by migration of CaO from the lining into in the deposits. Recommendations 
included better control of the operating conditions and of the materials used. 
 
Jiang et al. (2009) also reported problems with rapid accumulation of deposits on the lining of 
a rotary kiln used for production of iron ore pellets, which was heated by firing of natural gas. 
The main build-up of deposits formed a ring 11 m from the outlet of the 33 m long kiln. The 
concentration of elements and phases in the deposited material varied slightly along the length 
of the kiln, comprising between 82-85% hematite. Other phases present were magnetite, 
calcium fayalite, magnesium ferrite, quartz and a glassy phase. It was also observed that the 
formations of deposits occurred more rapidly, and that the concretion strength increased at 
elevated temperatures.  
 
Several mathematical thermodynamic models have been developed to describe grate-kiln 
plants for iron ore pellet production. Young et al. (1979) were the first to model the complete 
process of an Allis-Chalmers plant with the focus on British Steel’s plant in Redcar, UK. 
When considering gas and pellet flows, it was found e.g. that an ore of 100% magnetite would 
save 40% in energy input compared with hematite ore, and that an addition of 15% limestone 
(CaCO3) would require 40% more energy input, or alternatively a decrease in production rate. 
Thurlby published models (Thurlby, 1988a; Thurlby, 1988b; Thurlby, 1988c) of gas and 
energy flows and pressure balances at a grate-kiln plant in Whyalla, Australia. With a few 
exceptions, calculated steady-state values such as temperature, pressure and energy flows lay 
within the range of values measured in the plant. Among the most important findings were 
that as the production rate is raised, equipment heat losses per tonne of product decrease and  
the burner fuel consumption increases if part of the fuel is burned in the grate furnace rather 
than in the kiln. Croft et al. (2009) used a computational fluid dynamics (CFD) model, also 
simulating the Whyalla plant, with the focus on the cooler. Afzal and Cross (1994) used the 
software GASFLO to model the airflow distribution of an iron ore pellet induration process. 
Results from their model agreed well with airflow measurements carried out in the plant. 
Zhang et al. (2011) modelled the energy and exergy balances in a grate-kiln-cooler for iron 
ore pellet production, investigating the Shougang Mining Corporation plant. Using a model 
that considered both the first and second laws of thermodynamics, they concluded that there is 
potential for energy saving (up to 40%), especially in the grate.  
 
In 2001, the Minntac division of US Steel introduced a ported kiln in their plant (Trescot et 
al., 2004). It was a well-proven design that had been in use for more than ten years at the 
Tinfoss direct reduction kiln for ilmenite in Norway. However, this was the first grate-kiln 
plant for iron ore pelletising. This system injects air under the bed of pellets in the rotary kiln 
through slots (as black arrows) in the joints between the specially designed refractory bricks, 
shown in Fig. 1.5.  
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Figure 1.5. Refractory lining with slots where air can be injected, in a ported kiln (Trescot et al., 2004). 
 
This design results in more rapid oxidation of the pellets. The company noticed several 
benefits. As the magnetite oxidises more rapidly, a lower kiln temperature can be used. With 
more energy liberated in the kiln, the heat load in the annular cooler is reduced, and therefore 
a higher tonnage can be produced. An improved pellet quality was also observed.  

1.4.2. Rotary kilns for cement production 
Since there are more rotary kilns used for cement production than iron ore pellet production, 
more studies have been conducted on the former. As both types of kiln function in an 
analogous manner, the literature describing degradation in cement kilns is reviewed in this 
section. A variety of fuels are used for combustion to heat cement rotary kilns, e.g. sewage 
sludge, tyres and household waste. This is of economic importance. The high variability in 
calorific value of these fuels has a large influence on combustion characteristics and on the 
final product and temperature variations (Stadler et al., 2011). In addition, the working 
temperature in rotary kilns for cement production is a few hundred degrees higher than in 
kilns for iron ore pellet production. This results in a different demand on the linings in the 
cement kilns, with liners based on compounds with higher melting temperatures being used, 
e.g. CaO, MgO and ZrO2. 
 
Potgieter et al. (2004) studied corrosion of the refractory linings in two rotary kilns; one a 
short kiln with five pre-heaters and one a long kiln with a single pre-heater. It was observed 
that in the short kiln the corrosion mechanism was dominated by sulphur, while the lining in 
the long dry kiln was attacked more by chloride and potassium. The alkalis (molten salts of 
sodium and potassium) penetrated only the lining. Chlorine however, penetrated further and 
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even attacked the kiln shell. The recommendation from the authors to prevent this was to use 
a denser lining, preferably with a magnesia-zirconia base. 
 
Szczerba (2010) found that the use of alternative fuels rich in sulphur enhanced corrosion in 
the spinel phase in basic refractories. This leads to the creation of low melting temperature 
phases. It was also observed that the presence of ZrO2 and CaZrO3 in magnesia refractories 
improve their resistance to corrosion.  
 
Dominguez et al. (2010) studied corrosion of linings, and build-up of deposits, in cement kiln 
pre-heaters. It was found that the main constituents of the deposits were SO3, K2O, CaO, Cl-, 
and sulphur originating in the petroleum coke and tyres burned to heat the kiln, potassium 
from the raw material, chlorine from plastics burned, and calcium from the hot material in the 
pre-heater unit. Moreover, the attack on the refractory lining was by similar elements 
(potassium, sulphur, calcium and chlorine), causing reactions giving rise to the formation of a 
vitreous phase at very low temperatures (<985ºC) and different crystalline phases, such as 
leucite (K2O·Al2O3·4SiO2), feldspar ((K,Na)2O·Al2O3·6SiO2), sylvite (KCl), halite (NaCl), 
chlorellestadite (Ca10(SiO4)3(SO4)3Cl2), and ternesite (Ca5(SiO4)2(SO4)). Formation of these 
phases caused volume expansions up to ~20%, which contributed to a weakening of the 
refractory lining. 
 
Makaremi et al. (2009) used system identification methods to detect abnormal conditions in a 
cement rotary kiln. As bricks can fall out or corrode, the kiln’s shell may deform when 
exposed to hot material. For this reason, the conditions that lead to brick damage were the 
focus of this study. The inputs of the model used were kiln speed, raw material feed rate, fuel 
feed rate, secondary air pressure, and fan speed. The output was the power consumed by the 
motor that rotates the kiln. By developing a mathematical model of data monitored from 
inputs and outputs, normal and abnormal conditions in the kiln were simulted. By using the 
model, it was possible to detect when materials were burned sooner than the projected time, 
i.e. when they become sticky, and fall down from a higher position while the kiln is rotating.  
 
Stadler et al. (2011) used a thermodynamic model to control and optimise the burning of 
clinker in a cement rotary kiln. The controller has been in use with satisfactory performance 
for two years at the Siggenthal cement plant at Holcim, Switzerland. By using the controller 
model, instead of manual control, better control was achieved with regular and shorter 
intervals resulting in smaller control movements, and a more stable process. 

1.4.3. Rotary kilns for lime production 
Potgieter and Wirth (1996) investigated ash-ring formation (i.e. deposit build-up) in a coal-
fired rotary lime kiln situated close to Kimberly, Republic of South Africa. Deposit samples, 
as well as deposit/refractory samples, were studied. It was found that these deposits were 
heterogeneous, comprising darker particles high in SiO2, also containing Al2O3 and K2O in 
lower concentrations. These particles were surrounded by a matrix of variable concentration, 
sometimes falling in the mullite (3Al2O3·2SiO2) phase field, and sometimes in the anorthite 
(CaO·Al2O3·2SiO2) field. Figure 1.6 shows the phase diagram for the system CaO-Al2O3-
SiO2, in which the composition of the unreacted brick from the reviewed study is marked. 
This slag phase comprised ~2.5 wt% Na2O at some locations. Phases detected in the 
refractory liner evolved as a result of slag penetration, with concentrations close to gehlenite 
(2CaO·Al2O3·SiO2), larnite (2CaO·SiO2), and titanite (CaO·TiO2·SiO2). When the deposition 
on the lining in the kiln was established, liquid phases containing K2O and Na2O and low 
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melting phases from the CaO-Al2O3-SiO2 system acted as binding agents to build up rings. 
Moreover, these liquid phases penetrated the refractory lining, and caused chemical reactions. 
 

 
Figure 1.6. The pseudo-ternary phase diagram for the system CaO-Al2O3-SiO2, where the composition of 
unreacted brick from a litterature study is marked (Potgieter and Wirth, 1996). 
 
Malyshev et al. (2007) carried out a study regarding refractory degradation in a lime kiln. 
During a production stop it was found that regenerated lime adhered to the surface of the 
lining in the burner zone, and that this deposit had a thickness between 50 and 400 mm. The 
mullite based lining was chemically affected by oxides of sodium, calcium, sulphur and iron. 
New phases were evolved such as sodium metasilicate (Na2O·SiO2), sodium disilicate 
(Na2O·2SiO2), nepheline (Na2O·Al2O3·2SiO2), acmite (Na2O·Fe2O3·4SiO2), are labradorite 
(Na2O·3CaO·4Al2O3·12SiO2). Formation of these phases caused significant volume 
expansions that created stresses and cracks in the lining.  

1.4.4. Summary 
Literature regarding degradation in different types of rotary kiln has been summarised. In 
addition, papers have been published regarding the pelletising processes that take place in the 
grate-kiln furnace system (Wynnyckyj and Fahidy, 1974; Potts, 1991; Niiniskorpi, 2002; 
Forsmo and Hägglund, 2003; Forsmo et al., 2006; Forsmo et al., 2008; Shufeng et al., 2010; 
Ljung et al., 2011). However, complete descriptions of the degradation processes in the 
linings of rotary kilns used for iron ore pellet production are lacking. 
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1.5. Scope of present work 
This work considers principally the chemical reactions taking place in the rotary kiln, but also 
addresses thermomechanical phenomena that occur during these reactions. 

1.6. Aim and objectives 
This work aims to better understand the mechanisms that are active in the zone between the 
deposit materials and the linings of rotary kilns, with the aim of extending the lifetime of the 
bricks that serve as refractory liners in the induration process in iron ore pellet production. 
 
The objectives of the study were to answer the following research questions. 

1. What are the principal degradation mechanisms in the lining materials of rotary kilns 
for iron ore pellet production? 

2. How is the rate of these mechanisms affected by different compounds? 
3. What changes can be made to extend the lifetime of the lining? 
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2. Background 
Conventional ceramics are compounds of metallic and non-metallic elements bonded together 
by covalent or ionic bonds, or usually a combination of both. They have been in use by 
mankind since around 30,000 B.C. (Garbers-Craig, 2008). They take the form of oxides, 
nitrides, borides and carbides. Ceramics are insulators of heat and electricity and are resistant 
to high temperatures and severe environments. The strong bonding contributes to properties 
such as a high Young’s modulus and hardness, low thermal expansion coefficient, and high 
melting temperature. However, this type of bonding also contributes to brittleness.  
 
Ceramics can be classified in different subgroups based on their application, of which 
refractories is one. Refractories are used as thermal insulators, and are produced in various 
forms, bricks being one of the most common. In 2008, 42 Mt of refractories were produced 
globally (Watanabe, 2010). Figure 2.1 shows a brick lining during installation in the roof of a 
grate furnace. 
 

 
Figure 2.1. Mullite-based refractory bricks being installed in the roof of a grate furnace in Kiruna, Sweden. 

2.1. Refractory materials 
Refractories are, in contrast to other ceramic materials, an extremely heterogeneous multi-
component system of the concrete type, containing coarse mineral particles between 1 µm and 
1 cm in size (Treffner, 1979). Coarser particles are bound together in a matrix of an 
interlocking crystalline or glassy structure (Ko, 1991). This matrix may be: self-bonded, 
where grains are sintered together without a sintering aid; ceramic-bonded e.g. corundum 
grains bonded by a mullite phase, or silicon carbide bonded by a silicon nitride phase; or 
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chemically-bonded e.g. by a phosphate. These bonding systems determine many of the 
refractory properties (DeLucia and Wolfe, 2000). 
 
The main function of a refractory lining is to serve as a thermal insulator. A strict demand 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 refractory insulating 
properties, and make linings less sensitive to thermomechanical strains caused by temperature 
variations, they also contain apparent porosity. This porosity usually varies between 10-25%. 
There are also extreme refractory materials with even higher porosity, and others that are 
almost fully dense (Innocentini et al., 2000). 
 
Refractories are generally categorised as either clay or non-clay products. Furthermore, 
refractories are classified as oxide or non-oxide, or by their refractoriness (i.e. high 
temperature resistance). Besides oxide refractories, there are also lining materials bonded by 
nitrides, carbides or borides, used in other environments with other demands. Oxide 
refractories are often labelled as acidic or basic. 
 
In analogy with pH (donating and accepting H+ and OH— ions) an acid oxide is a compound 
able to donate cations or accept anions, and similarly a base is a compound able to accept 
cations or donate anions, according to Brønsteds theory (Fraser, 1975; Ottonello et al., 2001). 
An acid oxide (e.g. SiO2) is dominated by covalent bonding and consequently has a stronger 
attractive force between the cation and anion than a basic oxide (e.g. Na2O or CaO), which is 
dominated by ionic bonding. Thus a basic oxide is a substance capable of furnishing oxide 
ions, and vice versa: 
 

Base = Acid + O2-    (1) 
 
e.g. SiO3

2- = SiO2 + O2-.    (2) 
 
For a generic oxide: 
 

MO + O2- = MO2
2-    (3) 

 
MO = M2+ + O2-.    (4) 
 

In the liquid state, a basic oxide such as CaO will to some extent dissociate as follows: 
 

CaO = Ca2+ + O2-.    (5) 
 
The free oxygen can thereafter react with an oxide with a larger attractive force to oxygen 
anions, e.g. 
 

SiO2 + 2O2- = SiO4
4-.    (6) 

 
Such silica tetrahedra (SiO4

4-) will form one, two or three dimensional networks, and are 
therefore called network formers. Correspondingly, oxides with a lower affinity between the 
cation and oxygen anion will react with the network formers, and are therefore called network 
modifiers (Ottonello et al., 2001). 
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2.1.1 Manufacture of refractories 
Refractories are used in different shapes: bricks, mortar, pre-fabricated castables, gunning and 
ramming mixes, ceramic fibres etc. The starting materials for refractories determine the 
properties of the final product. These inputs can be divided into clays and non-clays (Heller 
and Bullock, 2001), further described in Table 2.1. 
 
Table 2.1. Types and characteristics of raw materials used in refractory manufacture. 
Type Characteristics 
Clay refractories  
Fire clay Produced mainly from kaolinite (Al2Si2O5(OH)4) but may 

comprise minor amounts of other clays. Fireclay refractories can 
be low, medium, high or super-duty, based on their resistance to 
high temperatures. Often produced in the form of refractory bricks. 

High-alumina Produced from bauxite or other raw materials that comprise 50-
87.5% alumina. High-alumina refractories are used where the 
demands are higher, as they offer higher resistance to heat and 
have greater volumetric stability. 

Non-clay refractories  
Basic Produced from a composition of dead-burned magnesite, dolomite, 

chrome ore, and residues of other minerals. Basic refractories can 
be further sub-divided, and are typically produced in the form of 
bricks. 

Extra-high alumina Made predominantly from bauxite or alumina. Extra high alumina 
refractories comprise between 87.5 and 100% alumina, and are 
used when demands are severe. They are often produced in special 
shapes by fused casting methods. 

Mullite Produced from kyanite, andalusite, sillimanite, bauxite, or mixtures 
of alumina silicate minerals. Mullite refractories comprise ~70% 
alumina. 

Silica Produced from any type of SiO2. Silica refractories possess a high 
thermal expansion coefficient, even at moderate temperature. 
Silica bricks are available in three grades: super-duty, regular and 
coke-oven quality. 

Silicon carbide Produced by reaction of silica sand and coke in an electric furnace. 
Silicon carbide refractories are used to make special shapes. They 
have high thermal conductivity, good load bearing ability at high 
temperatures and good resistance to thermal shock. 

Zircon Produced from zircon (ZrSiO4), which possesses good high 
temperature properties. As porosity can be kept low in zircon 
refractories, they are widely used for glass tank construction. 

 
The manufacturing process for refractories depends on the particular combination of chemical 
compounds and minerals used. In general, manufacture involves four step. 
 

• Raw material processing: crushing, grinding, calcination and drying. The raw 
materials may then be dry mixed with other minerals and chemical compounds.  

• Forming: the input materials are shaped into e.g. bricks. This process typically occurs 
under moist (dry pressed) or wet (wet pressed, with ~20-25% water) conditions. 

• Firing: the refractories are burned in a periodic batch or continuously in a tunnel kiln.   
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• Final processing: this process may include sandblasting, impregnation or coating of 
surfaces. 

 
The refractories are thereafter prepared for shipping and installation. 

2.1.2. Use of refractories 
The wide range of industrial high temperature processing applications demands great diversity 
in the supply of refractory materials. Different refractories comprising different minerals and 
ceramic materials with various grain and pore sizes are used for different applications. Today, 
price is one of the most important parameters in the choice of materials. Working 
atmospheres, thermal conditions and presence of corrosive agents are also decisive 
parameters.  

2.1.3. Degradation of refractories 
During service as liners in different furnaces and applications, refractories are exposed to 
different degradation mechanisms, which act simultaneously. In general, the key for long 
refractory life is to maintain steady operation, in terms of temperature stability. In this section, 
different degradation mechanisms, and how they cooperate, are described. 
  
Chemical attack 
During metallurgical processes, refractory linings are exposed to molten metals, salts, slags, 
alkali vapours and fumes, which may all react chemically with the lining material. Wetting of 
the lining depends on surface energy and viscosity. Wetting is most effective when the type of 
chemical bonding (i.e. ionic, nonpolar-covalent or metallic) is the same in both the solid and 
the liquid materials (Carniglia and Barna, 1992). When a porous material such as a refractory 
brick is wetted, capillary infiltration normally follows, and chemical attack is initiated. The 
difference in capillary pressure is the driving force for infiltration. By infiltration, liquids or 
gases penetrate pores at the hot face of the refractories where chemical reactions, phase 
transformations and diffusion occur at high temperatures (Ko, 1991). Alkali attack on 
aluminosilicate refractories occurs by the formation of low-melting alkali-silica glassy phases 
at the grain boundaries and at the surface. The susceptibility to progressive corrosive attack 
can be critically affected by the viscosity of such molten phases at the refractory surface 
(Benson et al., 1995). Chemical attack on refractories created by a slag causes the refractories 
to be less resistant to corrosion and mechanical action such as abrasion.  
 
Corrosion 
Corrosion is a chemical process that occurs as a result of chemical incompatibility between 
slags and refractories (or other materials). Basic oxides such as Na2O tend to react with acidic 
oxides such as SiO2 before they react with an amphoteric oxide such as Al2O3. Corrosive 
reactions can be complex, involving diffusion, absorption, surface reaction processes and 
dissolution - phenomena that finally lead to decomposition (Pickrell et al., 1995). Corrosion 
of refractories can simply be described as recession of the hot face or working surface from its 
original position. Reactive gases may penetrate to a depth of several centimetres into the 
refractories. However, penetration of gas normally occurs down a temperature gradient, as the 
corrosion rate decreases exponentially with increasing depth. Reactive liquids, or liquid 
corrosion products, may also penetrate to a depth where they are limited by the temperature at 
which they freeze. This depth may be from a few millimetres to several centimetres. The 
refractory in service may thus become significantly altered in its chemical and phase 
composition over an appreciable thickness behind its working face (Carniglia and Barna, 
1992). In general, corrosion increases with increased porosity in the refractories, as infiltration 
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of pores and fissures increases the contact area between slag and refractories. With a totally 
dense refractory, infiltration and corrosion could be minimised, but the resistance to spalling 
caused by thermal shock would be very low (Yamagucuchi, 1993). One way to avoid slag 
penetration into refractories by wetting is to choose materials in which the slag/refractory 
contact angle is increased. In general, corrosion increases with temperature.  
 
Erosion 
Erosion is the chemical and mechanical decomposition of the refractory material, in which 
particles released by corrosion or wear are transported from the surface. The hot face of the 
refractory material, which is exposed to the slag or molten metal, forms a reaction layer after 
some time at high temperature. This laminar layer of smoothened refractory surface at the hot 
face releases particles or grains from the refractories over time, which migrate in the 
neighbouring slag or molten metal (Yamagucuchi, 1993; Dahotre et al., 2001). 
 
Wear - abrasion 
Wear occurs when material is removed from a surface by abrasion (Dahotre et al., 2001), such 
as when hard particles are forced against a solid surface and moved along it – frictional forces 
arise in a tribological manner. The resistance to abrasive wear is in general related to the 
material hardness. This process can initiate nucleation of microcracks by several different 
mechanisms in a plastically deforming field. The number of microfractures at the sliding 
interface depends on the stresses imposed on the surface (Jahanmir, 1994). Tribological 
studies on alumina-mullite refractory bricks, plasma sprayed with alumina and mullite 
powders, showed improved abrasion resistance by almost one order of magnitude after 
coating, compared with uncoated bricks (Bolelli et al., 2006). The most severe wear 
mechanisms acting on the lining in the kilns studied probably occur during production stops 
when deposits from the surface of the lining are removed mechanically. 
 
Adhesive wear 
Higher rates of adhesive wear are associated with large areas of contact at sliding interfaces. 
If at least one of the sliding materials is also a poor electrical conductor, electrical charge can 
be generated. Attractive forces arising from this phenomenon can contribute to adhesion at the 
sliding interface, increasing friction and abrasion (Jahanmir, 1994). 
 
Thermal shock 
Because of the variations in thermal expansion coefficient between different constituents in 
refractories, cracks can initiate during rapid temperature changes in the material. These cracks 
commonly appear at the weaker grain boundaries. A dense brick without pores has a low 
resistance to thermal shock, even if it has a high resistance to infiltration and corrosion 
(Yamagucuchi, 1993). Thermal spalling caused by thermal shock occurs by fracture 
mechanism initiated by thermal stresses (Banjerjee, 1998). 
 
Spalling 
Spalling is probably the most severe degradation mechanism acting on refractories. It is also 
difficult to predict because of its stochastic nature (Williford et al., 2008). Fragments of 
refractories can spall off from the surface by cracking and rupture. This degradation 
mechanism can be divided into mechanical, structural and thermal spalling.  
 

• Mechanical spalling occurs with high stresses or on impact, where the maximum shear 
stress appears just below the surface (instead of on the surface), shearing the spall off. 
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Non-uniform forces acting on the lining material are the cause of this fracture 
mechanism (Banjerjee, 1994). 

• Structural spalling is caused by changes in the structure, e.g. when an oxide-based 
brick reacts with alkali, and forms a phase of lower density, which causes volume 
expansion, creating cracks through the so called “alkali bursting” mechanism (Ko, 
1991). 

• Thermal spalling is caused by thermal stresses induced by rapid changes in 
temperature, such that surface material cracks and breaks off (Kingery, 1955). High 
moisture content, a large expansion coefficient, low permeability and a high initial 
compressive stress increase the risk of thermal spalling (Danielsson, 1989). It is 
important to avoid mismatch in expansion coefficients between the different 
constituents of the refractory materials to prevent a microcrack network developing in 
the microstructure (Huger et al., 2007). However, at high temperatures the bond in the 
glassy phase can become viscous, which increases its ability to withstand thermal 
variations. The risk for thermal spalling increases when refractories are exposed to 
thermal shock. 

 
Figure 2.2 shows a lining in an industrial kiln in which the corners of the brick have been 
exposed to thermal spalling. A spherical surface forms on the bricks, typical for this type of 
fracture (Norton, 1925).  
 

 
Figure 2.2. Image from the outlet of rotary kiln KK3 in Kiruna, Sweden, during a production stop in April 2010. 
The white arrow along the side of one refractory brick is 17.5 cm in length, and the small red arrows mark where 
the lining been exposed to thermal spalling. 
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To summarise 
To summarise Section 2.1.3, refractories can be stressed in various ways: 
 

• thermally - by temperatures and thermal shock 
• chemically - by gases, liquids, melts and slags 
• mechanically - by pressure, tensile friction and/or impact. 

 
Refractories are almost always subjected to a combination of these stresses during service 
(Nowak, 2004). The appropriate refractory material must therefore be considered carefully in 
each application. 
 
Shubin (2001a) described these effects (thermal, mechanical and chemical) acting on 
refractory linings in rotary kilns for cement production and grouped them as illustrated in 
Fig. 2.3.  

 
Figure 2.3. Visualisation of the mechanisms to which the refractory lining of cement rotary kilns are exposed 
(Shubin, 2001a). 
 
Although the temperatures and chemistry in rotary kilns used for cement production differ 
from kilns used for iron ore pellet production, there are many analogies between these two 
types of kilns and the effects described. 

2.2. The Al2O3 - SiO2 system 
Si4+ is by far the most common cation in the Earth’s crust. Since 92% of the earth’s crust 
consists of silicates (Ronov and Yaroshevsky, 1969), it is natural that oxide refractories 
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mainly consist of silicates, often together with aluminates. Together with Al2O3 and SiO2, 
refractories in general consist of CaO, TiO2, MgO, Cr2O3

 and ZrO2 (Kirabira, 2005). Besides 
these main oxides, traces of Fe2O3, Na2O and K2O are common – these are accessory oxides 
that at one time were considered unimportant, but which are now recognised as often being 
controlling factors in the performance of the lining material (DeLucia and Wolfe, 2000). 
Silicon oxide (SiO2) and aluminium oxide (Al2O3), often referred to as silica and alumina, or 
quartz and corundum respectively, are polymorphs of these oxides. 
 
Today there is 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 (Garbers-Craig, 2008). A simple explanation for this is their 
relatively low price. Moreover, their relatively low thermal expansion coefficient compared 
with maximum service temperature is beneficial, illustrated by the Ashby diagram in Fig. 2.4. 
 

 
Figure 2.4. Ashby diagram showing maximum service temperature versus thermal expansion coefficient for 
common refractory materials (CES Edupack, Granta Design). 
 
As illustrated in Fig. 2.4, few raw materials are within the range of useful service temperature, 
whilst simultaneously having a low thermal expansion coefficient. Therefore, the input 
materials in refractory liners for use in rotary kilns for iron ore pellet production are limited. 
An increased alumina content is often used to improve high temperature resistance, and the 
alumina-silica ratio is often stated in product data sheets, with classifications (by wt%) such 
as: 
 

• silica bricks (SiO2 > 93%) 
• chamotte bricks (Al2O3 ~ 45%) 
• fireclay bricks (Al2O3 ~ 55%) 
• mullite bricks (Al2O3 ~ 65%) 
• high alumina bricks (Al2O3 > 55%) 
• extra high alumina bricks (Al2O3 > 90%). 
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These are general descriptions. Concentrations vary in definitions from different sources – 
they must be considered as rough approximations. Stable phases found in the Al2O3-SiO2 
system are: alumina, silica and mullite, described as follows. 

2.2.1. Alumina 
The mineral corundum (α-Al2O3) is the only thermodynamically stable, and therefore 
naturally the most common type of alumina. It has a hexagonal-rhombohedral structure. 
Sapphire and ruby are forms of the mineral considered precious – these are varieties with 
inclusions of other elements. Corundum is one of the hardest materials found in nature (9 on 
the Mohs scale), exceeded only by diamond. It has a high melting temperature, mechanical 
strength and corrosion resistance, and is therefore often used as a constituent in refractories. 
 
Bauxite is the most important natural source for the production of alumina. This aluminium 
ore consists mainly of gibbstite (γ-Al(OH)3), bayerite (α-Al(OH)3), böhmite (γ-AlO(OH)) and 
diaspore (α-AlO(OH)), often in a mixture with oxides of iron and titanium. Many other 
metastable forms of Al2O3 occur during refinement: γ, δ, θ, η, χ, ρ, κ and σ. Most appear as 
intermediate transition phases during dehydration of bauxite ores to α-Al2O3 during the Bayer 
process (Wefers and Misra, 1987). These transaction alumina phases have increasing 
industrial importance, where they are used in various applications because of their properties. 
The hypothetical phase ι-Al2O3 is a phase considered as an end member of the solid solution 
mineral mullite, where sillimanite is the other end member (see below). There are also forms 
of β-Al2O3 and β''-Al2O3, where alkali metal ions (e.g. Na+, K+ or Li+) are included in the 
lattice in various molar ratios, such as M2O·xAl2O3. Such forms of alumina are commonly 
used in electronic applications (Mali and Petric, 2011). 

2.2.2. Silica 
Silica (SiO2), as other silicate minerals, is based on the SiO4

4- tetrahedron where each silicon 
atom is connected to four oxygen atoms. These tetrahedra are bonded together sharing corners 
via oxygen bridges, in different types of crystal structure such as neo-, soro-, cyclo-, ino-, 
phyllo- and tecto-sillicates (Loberg, 1999). 
 
Silica can be found in a large number of varieties, where the most common are the forms α 
and β (low and high temperature phases) of the minerals quartz, cristobalite and tridymite. 
The minerals coesite (Coes Jr.,1953), stishovite (Stishov and Popova, 1961) and seifertite 
(Goresy et al., 2008) all form under high pressure, which make them denser than quartz – all 
are rarely found in nature.  
 
A rare microcrystalline silica mineral was found as late as 1976, first described as “silica-G” 
by Flörke et al. (1976), and named moganite 1984 after further investigations (Flörke et al., 
1984). Melanophlogite is a rare polymorph of SiO2 with a zeolite-like structure, often with 
inclusions of organic matter (Skinner and Appleman, 1963). It is rarely found in nature but 
often synthesised for its interesting properties in applications such as membranes or molecular 
sieves. Keatite is a synthesised form of silica, and does not exist as a mineral in nature (Keat, 
1954). Lechatelierite is an amorphous form of SiO2 that forms a natural glass, rarely found in 
nature (Davis, 1963). Silica is often the main component in glass, which can be formed by 
quenching silica from high temperatures. 
 
Other variations of silica also exist with minor impurities, hydrated or cryptocrystalline (e.g. 
amethyst, opal and onyx, respectively) - some are considered precious minerals. However, to 
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summarise, silicon dioxide is a complex material that can exist in many forms, even if most 
variations are rarely found. 

2.2.3. Mullite 
The chemical composition of the mineral mullite has been debated since it was first described. 
Initially, it was not differentiated from the mineral sillimanite (Al2O3·SiO2), first described 
by, and named after, Benjamin Silliman, in 1824. In 1865, Sainte-Claire Deville and Caron 
(1865) identified a compound with 70.9 wt% Al2O3 and 29.1 wt% SiO2. In 1890, a mineral 
was described as sillimanite-like with the formula 11Al2O3·8SiO2 by Vernadsky (1890) - a 
molar ratio close to that described 25 years earlier. 
 
Shepard et al. (1909) investigated the 
alumina-silica system in, and considered 
sillimanite to be the only intermediary stable 
compound in the equilibrium system. Figure 
2.5 shows their interpretation of the Al2O3-
SiO2 system. They also measured the melting 
temperature of what they believed to be 
sillimanite to be 1811ºC. Bowen and Grieg 
(1924) working in the same laboratory as 
Shepard, Rankin and Wright instead 
established the idea of a stable compound with 
the formula 3Al2O3·2SiO2 in 1924, and also 
proposed the name mullite because of the 
mineral’s rare natural occurrence on the island 
Mull. 

 
Figure 2.5. Early phase diagram of the system Al2O3-
SiO2 (Shepard et al., 1909). 

 
The first natural occurrence of mullite was discovered by Anderson, Wilson and Tait on the 
Scottish island in 1910, although the mineral has been produced by mankind since ancient 
times, since it forms easily when clay is heated (Schneider, 2001).  
 
In 1960, Welch published a paper proposing a composition of mullite closer to 2Al2O3·SiO2 
(Welch, 1960). In 1962, Aramaki and Roy (1962) proposed mullite to be a solid solution with 
between 60 and 63 mol% Al2O3. Today, mullite is described as a solid solution (between 
Al2O3 and SiO2), where the amount of Al2O3 can vary between 55 and 90 mol% (depending 
on manufacturing conditions). It can be more exactly described by the mole fraction Al4+2xSi2-

2xO10-x, where x is the number of oxygen vacancies, first considered to lie between 0.17 and 
0.59 (Cameron, 1977); the upper value was later considered to be as high as 0.9 (close to pure 
Al2O3) (Fischer et al., 1996). If x is set to zero in this general formula, it becomes by 
sillimanite; if x = 1 we obtain the hypothetical phase ι-Al2O3 (iota-alumina) (Cameron, 1977), 
later referred to in the literature as a mullite-like alumina (Mazza and Vallino, 1992). 
However, it is still commonly expressed stoichiometrically by the oxide formula 
3Al2O3·2SiO2. Figure 2.6 shows a recent phase diagram of the Al2O3-SiO2 system. 
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Figure 2.6. The pseudo binary phase diagram for the system Al2O3-SiO2 (Pask, 1983). 

 
Mullite has an orthorhombic crystal 
structure, closely related to sillimanite. 
Figure 2.7 shows the crystal structure of 
mullite, in which it is projected along the 
c-axis and structural rearrangements 
produced around oxygen vacancies are 
illustrated. Mullite crystals are 
commonly embedded in a glassy matrix, 
where single crystals seldom exceed a 
few µm in size. Lundin (1954) 
recognized that mullite crystals have 
different morphologies. Schüller (1964) 
described a scaly mullite, originating 
from clay or kaolin by a solid state 
reaction, and the formation of a needle-
like mullite, recrystallised from a melt, 
and referred to these two types as 
primary and secondary mullite 
respectively. Tertiary mullite was 
described by Iqbal and Lee (Iqbal and 
Lee, 1999; Iqbal and Lee, 2000; Lee and 
Iqbal, 2001), who also described the 
different forms of mullite as: 

 
Fig 2.7. Crystal structure of mullite, projected along the c-
axis (Gonzales-Carreño et al., 2007). 

 
• primary mullite – arising from decomposition of pure clay 
• secondary mullite – crystallised from feldspar-rich melts 
• tertiary mullite – precipitated from alumina-rich liquid obtained by dissolution of 

alumina filler. 
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Schneider (2008) divided mullite into different types depending on synthesis procedure, 
which is relevant to their behaviour as ceramic materials. 
 

• Sinter mullites produced by heating starting materials (e.g. clay), essentially via solid-
state reactions. These mullites tend to have molar ratios around 3:2 (x = 0.25). 

• Fused mullites produced via crystallisation of aluminosilicate melts. These alumina-
richer mullites tend to have molar ratios close to 2:1 (x = 0.40). 

• Chemical mullites produced by heat treatment of precursors. The composition of such 
mullites depends on the starting materials and the temperature of heat treatment. These 
mullites can be extremely alumina rich with molar ratios above 9:1 (x >0.80). 

 
Mullite is rarely found as a mineral in nature, as it forms at low pressure. However, it can 
easily be formed by heating other minerals with the necessary molar ratios. The minerals 
kyanite, sillimanite and andalusite are polymorphs that all have the same chemical formula 
(Al2SiO5), and form mullite during heat treatment. Kyanite forms mullite in the range 1200-
1450°C (Kochetova et al., 1978), andalusite between 1350 and 1500°C (Bouchetou et al., 
2005), while sillimanite transforms to mullite first between 1400 and 1700°C (Kochetova et 
al., 1978). These temperatures also depend on grain size and reaction atmosphere. Kaolinite 
clays, bauxite ores and various silicates are also commonly used in mixtures as starting 
materials for the production of mullite. Such raw materials also contain small amounts of 
oxides of titanium, iron, alkali metals and alkaline earth, which can adversely affect material 
properties (Ustichenko et al., 1983). Figure 2.8 shows mullite crystals grown from andalusite. 
 

 
Figure 2.8. Mullite crystals grown from andalusite (Bouchetou, 2005). 
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Mullite can incorporate other cations besides Al3+ and Si4+ in the lattice, particularly Cr3+ (12 
wt% Cr2O3) (Rager et al., 1990), Fe3+ (11 wt% Fe2O3) (Schneider and Rager, 1986) and V3+ 
(9 wt% V2O3) (Rager et al., 1990), but also e.g. Ti3+, Ti4+, V3+

, V4+, V5+, Mn2+, Mn3+, Fe2+, 
Co2+ , Ga3+ and Zr4+ (Schneider, 2008). Alkali metal and alkaline earth cations may also enter 
the mullite structure, where Na+ and Mg2+ concentrations around 0.5 wt% have been observed 
(Schneider, 2008). Incorporation of foreign elements into the mullite lattice changes certain 
material properties. However, data for various cation incorporations vary among authors, and 
amounts depend on processing parameters such as temperature, pressure and reaction 
atmosphere during manufacture. 
 
Al2O3 and SiO2 in a ratio around 3:2 form mullite during heat treatment in the manufacture of 
refractory bricks. Mullite has appropriate refractory properties - a high melting temperature, 
low thermal expansion coefficient, low thermal conductivity and good creep resistance - and 
is therefore widely used in lining materials - the iron and steel industry would not be as 
developed as it is today without the mineral mullite. In high temperature applications, mullite 
is usually combined with corundum, where it acts as a bonding matrix between grains. Newly 
installed linings based on mullite have been known to increase in volume, resulting from 
residual mullitisation, a phenomenon that may be suppressed by concurrently sintering the 
refractory liners (Pitak, 1979). 

2.3. Iron ores 
Iron ores can be divided into two groups: oxides and other iron ores.  

2.3.1. 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 (Cornell and Schwertmann, 1996). The most stable iron oxide - the most common 
in nature - is α-Fe2O3 (hematite, ferric oxide). It contains Fe3+ and has a hexagonal-
rhombohedral structure isomorphic with α-Al2O3 (corundum). FeO·Fe2O3 or Fe3O4 
(magnetite, ferrous oxide) is another common iron oxide, containing iron of both valence 
states. It has the cubic structure of inverse spinel. The metastable oxide γ-Fe2O3 (maghemite) 
has the same structure as magnetite. The presence of vacancy sites distributed on a cation 
sublattice is the most important difference between these oxides. It appears as an intermediate 
phase when magnetite is oxidised to hematite (Ennas et al., 1999). Both Fe2O3 and Fe3O4 can 
create solid solutions, and substitute the Fe2+ and Fe3+ ions with e.g. Al3+, Cr3+, Mg2+, Mn2+, 
forming minerals such as MgO·Fe2O3 (magnesioferrite) and FeO·TiO2 (ilmenite) (Cornell and 
Schwertmann, 1996). FeO or Fe1-xO (wüstite, where 0.83<1-x<0.95) can only be obtained as a 
metastable phase below 567ºC if the heated material is rapidly quenched from the equilibrium 
region, and has an NaCl structure containing defects (Cornell and Schwertmann, 1996) - it 
appears as a transition phase during the reduction of iron oxide to hot metal. Condon et al. 
(1995) observed that wüstite and hematite could coexist in a “biphase”. The two phases form 
islands in a hexagonal superlattice, involving long-range ordering of the islands. An ε-Fe2O3 
with a monoclinic unit cell has also been proposed by Schrader and Büttner (1963). However, 
it does not appear in nature, and can only be synthesised. Figure 2.9 shows the Fe-O phase 
diagram, illustrating the ranges of stability of the different oxides. 
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Figure 2.9. A part of the Fe-O phase diagram (Wriedt, 1991). 

2.3.2. Other iron ores 
There are also iron ores of a non-oxide type that can be extracted for iron making. Limonite, 
or bog iron, is a mixture of iron oxides and hydrated iron oxides in an amorphous substance, 
in which goethite (FeO(OH)) is often the main constituent. It was commonly used as a source 
of iron, and is still to a small extent used as a source of pig iron; reduced using a blast furnace 
or by the hydrometallurgical Caron process (O’Connor, 2006). Siderite (FeCO3) is carbonated 
iron. As the price of iron has increased, more attention has been paid to the extraction of 
siderite for iron-making (Zhili et al., 2011). Pyrite (FeS2) is not such a valuable mineral in 
iron-making, as the removal of sulphur can be complicated. However, it is valuable in other 
applications, such as in semiconductors (Venter and Vermaak, 2008). There are other iron-
bearing minerals which are not currently economical to extract.  

2.4. Refinement of iron ore by the grate-kiln process 
Mined iron ore can be used directly as lump ore, or converted to pellets for reduction either by 
direct reduction or in a blast furnace. During iron ore pellet production, the ore is crushed into 
a powder, mixed with additives (e.g. olivine, quartz and limestone) and a binder agent 
(bentonite), and rolled into green balls (9-15 mm in diameter) that are sintered to pellets in a 
furnace. The additions made to the ore concentrate improve the mechanical and metallurgical 
properties of the pellets (Forsmo et al., 2008).  
 
The Swedish mining company LKAB (Loussavaara Kiirunavaara AB) currently mines iron 
ore at various locations in the northern part of Sweden (Kiruna, Svappavaara and 
Malmberget), where pellet plants are also located. The predominant ferrous mineral in 
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LKAB’s mines is magnetite (Fe3O4), but hematite is also present in some ore deposits. The 
grate-kiln furnace system (Fig. 2.10) is used in four out of their six pellet plants to sinter the 
pellets. 
 

 
Figure 2.10. Schematic of the hot sections in a pellet plant. 
 
During heat treatment in the grate-kiln-cooler process, the milled magnetite ore, formed into 
pellets, transforms into hematite (α-Fe2O3) by the exothermic reaction: 
 
4 Fe3O4 (s) + O2 (g)  6 Fe2O3 (s).    (7) 
 
Oxidation of the magnetite pellets takes place into two stages. The first occurs in the 
temperature range 200-350ºC, where topochemical low-temperature oxidation to maghemite 
(γ-Fe2O3) takes place. The second stage of oxidation starts at 400ºC and leads to totally 
oxidized particles in the temperature range 900-1100ºC, depending on the particle size and 
oxygen partial pressure (Yang and Matthews, 1997; Niiniskorpi, 2002; Forsmo and Hägglund, 
2003).  
 
Different types of pellet are produced on different occasions in the kilns, according to 
consumer demand. The pellets produced by the grate-kiln process at LKAB are: 
 

• KPBA (Kiruna pellet blastfurnace acid): the product name of a blast furnace pellet 
produced in Kiruna, designed for use together with sinter. Quartzite (mainly quartz, 
SiO2), dolomite ((Mg,Ca)CO3) and limestone (mainly calcite, CaCO3) are added to the 
KPBA pellet to act as slag-formers during iron-making.  

• KPBO (Kiruna pellet blastfurnace olivine): an olivine fluxed blast furnace pellet, also 
with the addition of limestone. The olivine used is forsterite (2MgO·SiO2).  

• KPRS (Kiruna pellet reduction special): a dolomite fluxed pellet, coated for optimal 
behaviour in the direct reduction shaft. Limestone and organic material are added to 
KPRS pellets. 

 
The clay mineral bentonite is used as a binder in all these pellet types, because it absorbs 
water. The concentration of additives used is 3-3.5%, and the concentration of the binder is 
0.5-0.7% (Niiniskorpi, 2004). The pellet types produced by the grate-kiln process at LKAB, 
and their main constituents, are shown in Table 2.2, all in oxide form. Chemical data are 
expected average figures at the port of loading for shipment. 
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Table 2.2. Chemical composition of pellets produced at LKAB (2011). 
Pellet type KPBA KPBO KPRS 

Fe2O3 95.7 95.3 97.2 
FeO 0.40 0.40 0.30 
SiO2 2.60 2.10 0.75 
Al2O3 0.23 0.23 0.16 
CaO 0.55 0.46 0.90 
MgO 0.52 1.40 0.65 
Na2O 0.04 0.04 0.04 
K2O 0.04 0.04 0.03 
TiO2 0.18 0.18 0.18 
 
Two types of coal are currently used as fuel in the LKAB kilns studied: Clarence 
Metropolitan (Australia) and Bachatsky (Russia). These coals are used as they have a high ash 
melting point and a high calorific heating value. Chemical analyses (shown as the most stable 
oxide) and initial deformation temperature (IDT) of both these coals are shown in Table 2.3. 
More detailed analyses with trace elements are given in Paper V. 
 
Table 2.3. Chemical composition of the two types of coal. 

Coal type C. M. B. 
Fe2O3 0.30 0.57 
SiO2 7.77 4.26 
Al2O3 4.05 2.05 
CaO 0.13 0.40 
MgO 0.05 0.19 
Na2O 0.02 0.02 
K2O 0.06 0.14 
TiO2 0.12 0.07 
P2O5 0.12 0.03 
Sulphur 0.33 0.31 
Concentration fly-ash 13.5 wt% 7.5 wt% 
IDT >1500ºC 1230ºC 
 
Pellet residues and fly-ash are the origin of the deposit material in the rotary kilns studied, and 
therefore, their chemistry is of importance. 
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3. Theory 
This chapter presents the theory underlying the thermodynamics of the reactions between the 
refractory systems studied and the deposit materials. The most useful sources of information 
about the stability of microstructure in refractory systems with variations in temperature and 
composition are phase diagrams, which may be obtained experimentally or through the use of 
modelling techniques. An overview of the most relevant available phase diagrams for the 
lining-deposit systems studied is given here; they are discussed further in Chapter 6. It is clear 
from the literature that the phase systems examined are not as well established as e.g. those in 
metallic systems, but useful information may be obtained. 

3.1. Thermodynamics of the materials studied 
It would be appropriate in any refractory application to use a lining totally inert to the 
environment. However, if this were possible, the cost of the lining may well exceed the 
economic benefits. A number of guidelines may be used in selecting refractory materials: e.g. 
avoid liners based on acidic oxides in high alkali applications, and avoid systems that create 
low melting temperature phases (often based on eutectics). 

3.1.1. Al2O3-SiO2–Na2O 
Norman Levi Bowen revolutionised the field of petrology and the understanding of mineral 
crystallisation in the middle of the 20th century, when he established many phase diagrams for 
binary and ternary oxide systems. Together with Scharier he investigated the alumina silicate 
systems including sodium and potassium (Schairer and Bowen, 1947; Schairer and Bowen, 
1955; Schairer and Bowen, 1956). Schairer and Bowen (1947) established the phase diagram 
for the pseudo-ternary system Al2O3-SiO2–Na2O, shown here in a revised version by the same 
authors (Schairer and Bowen, 1956), Fig. 3.1. 

 
Figure 3.1. The pseudo-ternary phase diagram for the system Al2O3-SiO2–Na2O (Schairer and Bowen, 1956). 



  THEORY 

 28 

The principal features of this system may be summarised as follows. 
 
Several invariants at temperatures below 1000ºC are found in the system. The three lowest 
eutectic temperatures in the system are: 
 

• 732ºC (12 wt% Al2O3, 62 wt% SiO2, 26 wt% Na2O) 
• 740ºC (5 wt% Al2O3, 74 wt% SiO2, 21 wt% Na2O) 
• 760ºC (10 wt% Al2O3, 58 wt% SiO2, 32 wt% Na2O). 

 
When a compound within this system comprises more than 50% Al2O3, the melting 
temperature rises above 1500ºC. However, at some locations on the phase diagram, the exact 
phases formed and the melting temperatures are not well established. 

3.1.2. Al2O3-SiO2–K2O 
Schairer and Bowen (1947) also performed investigations within the system Al2O3-SiO2–K2O. 
However, the system has recently been investigated by Yazhenskikh et al. (2011), using 
thermodynamic modelling software. The pseudo-ternary phase diagram and the invariant 
points are shown in Fig. 3.2. 
 

 
Figure 3.2. The pseudo-ternary phase diagram for the system Al2O3-SiO2–K2O (Yazhenskikh et al., 2011). 
 
Several invariants at temperatures below 1000ºC are found in the system. The three lowest 
eutectic temperatures in the system are: 
 

• 648ºC (~0 wt% Al2O3, 13 wt% SiO2, 87 wt% K2O) 
• 707ºC (2 wt% Al2O3, 68 wt% SiO2, 30 wt% K2O) 
• 724ºC (3 wt% Al2O3, 72 wt% SiO2, 25 wt% K2O). 
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When a compound within this system comprises more than 50% Al2O3, the melting 
temperature rise above 1700ºC. 

3.1.3. Al2O3-SiO2–CaO 
Osborn and Muan (1960) revised and redrew phase diagrams in their collection Phase 
equilibrium diagrams of oxide systems. The pseudo-ternary phase diagram for the system 
Al2O3-SiO2–CaO is shown from their collection in Fig. 3.3. 

 

 
Figure 3.3. The pseudo-ternary phase diagram for the system Al2O3-SiO2–CaO (Osborn and Muan, 1960). 
 
The three lowest eutectic temperatures correspond to invariants that all lie on the boundaries 
between pseudo-wollastonite (CaO·SiO2), anorthite (2CaO·Al2O3·2SiO2) and gehlenite 
(2CaO·Al2O3·SiO2): 
 

• 1170ºC (15 wt% Al2O3, 62 wt% SiO2, 23 wt% CaO) 
• 1265ºC (20 wt% Al2O3, 42 wt% SiO2, 38 wt% CaO) 
• 1307ºC (37 wt% Al2O3, 33 wt% SiO2, 30 wt% CaO). 

 
When a compound within this system comprise above 50% Al2O3, the melting temperature 
rises above 1400ºC. 
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3.1.4. Al2O3-SiO2–MgO 
The pseudo-ternary phase diagram for the system Al2O3-SiO2–MgO is from the collection of 
Osborn and Muan (1960), shown in Fig. 3.4. 
 

 
Figure 3.4. The pseudo-ternary phase diagram for the system Al2O3-SiO2–MgO (Osborn and Muan, 1960). 
 
The invariant points at lowest temperatures in this system all lie on the boundary with 
cordierite (2MgO·2Al2O3·5SiO2): 
 

• 1335ºC (18 wt% Al2O3, 62 wt% SiO2, 20 wt% MgO) 
• 1365ºC (21 wt% Al2O3, 54 wt% SiO2, 25 wt% MgO) 
• 1367ºC (20 wt% Al2O3, 56 wt% SiO2, 24 wt% MgO). 

 
When a compound within this system comprise above 50% Al2O3, the melting temperature 
rises above 1600ºC. 
 

3.1.5. Al2O3-SiO2–FeO 
The pseudo-ternary phase diagram shown in Fig. 3.5 is from the collection of Osborn and 
Muan (1960).  
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Figure 3.5. The pseudo-ternary phase diagram for the system Al2O3-SiO2–FeO (Osborn and Muan, 1960). 
 
The invariant points at lowest temperatures in this system all lie on the boundary with fayalite 
(2FeO·SiO2): 
 

• 1083ºC (12 wt% Al2O3, 40.5 wt% SiO2, 47.5 wt% FeO) 
• 1088ºC (12.5 wt% Al2O3, 39.5 wt% SiO2, 48 wt% FeO) 
• 1148ºC (6 wt% Al2O3, 18.5 wt% SiO2, 75.5 wt% FeO). 

 
When a compound within this system comprise above 50% Al2O3, the melting temperature 
rises above 1650ºC. 
 

3.1.6. SiO2–K2O–Na2O 
The system SiO2–K2O-Na2O has recently been investigated by Yazhenskikh et al. (2008), 
using thermodynamic modelling software. Figure 3.6 shows the pseudo-ternary phase 
diagram obtained for this system. 
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Figure 3.6. The pseudo-ternary phase diagram for the system SiO2–K2O-Na2O (Yazhenskikh et al., 2008). 
 
Several invariants at temperatures below 700ºC are found in the system. The three lowest 
eutectic temperatures in the system are: 
 

• 540ºC (69 wt% SiO2, 23 wt% K2O, 8 wt% Na2O ) 
• 600ºC (16 wt% SiO2, 75 wt% K2O, 9 wt% Na2O ) 
• 631ºC (47 wt% SiO2, 44 wt% K2O, 9 wt% Na2O ). 

 
Even at relatively low concentrations of Na2O and K2O, there is a sharp decrease in melting 
temperature, so that a compound with ~80 wt% of SiO2 can melt at temperatures below 
800ºC. 

3.1.7. Fe2O3-SiO2–CaO 
Bowen and Schairer also made investigations of the system FeO-SiO2–CaO (Bowen et al., 
1933), however, the pseudo-ternary phase diagram shown in Fig. 3.7 is from the collection of 
Osborn and Muan (1960) where Fe2O3 is a component of the system instead of FeO.  
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Figure 3.7. The pseudo-ternary phase diagram for the system Fe2O3-SiO2–CaO (Osborn and Muan, 1960). 
 
There are in total nine invariant points at temperatures below 1230ºC, of which six lie close to 
the composition of calcium ferrite (CaO·Fe2O3), with the lowest temperatures (approx.) at: 
 

• 1192ºC (~70 wt% Fe2O3, ~5 wt% SiO2, ~25 wt% CaO) 
• 1195ºC (~70 wt% Fe2O3, ~5 wt% SiO2, ~25 wt% CaO) 
• 1204ºC (~25 wt% Fe2O3, ~50 wt% SiO2, ~25 wt% CaO). 
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4. Materials and methods 
A variety of degradation mechanisms occur in metallurgical processes in general, which can 
expose lining materials. Continuous degradation of refractory linings by mechanical 
mechanisms and chemical reactions with material deposited on the lining is a well-known 
problem, as is thermally induced spallation and fall out of liner bricks during production. The 
economic importance of the production stops that may result was the reason that this work 
was initiated. 
 
In order to understand the effects of process variables on degradation mechanisms, initial 
work in the project was carried out using experiments on the laboratory scale. Subsequent 
work concentrated on degradation mechanisms in industrial kilns, carried out to verify the 
laboratory scale results. 
 
The laboratory scale component of this work has resulted in three papers (Papers I-III), of 
which two have been published. Sampling of refractory liners and deposit materials in 
industrial kilns has been carried out during production stops. A part of this study has been 
compiled into one paper (Paper IV). In addition, a study has been carried out using in-situ 
sampling in a grate-kiln plant, which has resulted in two papers, one of which is appended to 
this thesis (Paper V). 
 
Tests with various types of coatings (to reduce the rate of degradation) have been initiated in 
the temperate preheat zone in a grate-kiln plant. Evaluation of the results has not produced 
convergent results, but the study is mentioned briefly in future work. 

4.1. Materials 
The refractory materials studied in this work are commercially available liners used in 
industrial rotary kilns for iron ore pellet production. They were obtained from Höganäs Bjuf 
AB (Bjuv, Sweden) in the form of bricks, which were machined to crucibles and flat 
specimens, or milled to powders for various experiments. Three types of brick were used, 
with the commercial names Victor HWM, Alex and Silox 60. Victor HWM is based on 
bauxite, Silox is based on andalusite, and Alex is based on chamotte, reinforced with bauxite. 
Their porosity lies between 15 and 20% and their density lies in the range 2500-3000 kg/m3.  
 
Chemical composition serves as a basis for classifying refractories, which provides 
information about their temperature resistance and chemical properties (DeLucia and Wolfe, 
2000). The compositions of the three types of brick used (based on data from the 
manufacturer) are shown in Table 4.1, represented as the most stable oxides. 
 
            Table 4.1 Nominal chemical composition of three commercial bricks based on manufacturer’s data. 

wt% Bauxite based 
brick 

Chamotte based 
brick 

Andalusite based 
brick 

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 
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The deposit materials characterised and used in experiments in the laboratory-scale 
component of this work were collected from various LKAB production kilns located in 
Svappavaara and Kiruna, Sweden during production stops. The deposit materials were taken 
from different locations along the process line to evaluate variations in composition. Samples 
of bricks that had served as refractory liners in these production kilns, with deposits adhered 
to their surfaces, were also collected. More details concerning the location of sampling, 
analyses of refractories and deposit materials, and experimental conditions are given in Papers 
I-V and in Appendix A. 

4.2. Experimental procedure 

4.2.1. Laboratory scale 
Alkali is known to act corrosively on acidic oxides (e.g. silica) causing alkali bursting that can 
lead to spallation. Various standard methods for alkali corrosion tests have been developed 
e.g. DIN 51069, usually referred to as alkali tests, which describe how testing of the alkali 
resistance of refractories should be carried out using a crucible method. There are also 
variations on this kind of investigation, where e.g. size is changed. A cavity is normally 
drilled or pre-manufactured in the centre of the crucible, which is filled with alkali (e.g. 
Na2CO3) and/or slag. Several papers have been published that describe such studies (Farris 
and Allan, 1973; Maytas et al., 2008; Abo-El-Enein et al., 2010; Yilmaz and Yilmaz, 2010). 
 
The sizes of the crucibles prepared in this work were slightly modified from standards to fit 
into the laboratory furnace. Crucible/slag reaction tests were performed with different 
combinations of deposit/alkali composition, time and temperature (chosen to be similar to 
industrial conditions) for all three refractory brick materials investigated. Crucibles were 
machined from bricks in their as-fabricated condition, with dimensions 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, which was milled to a fine powder. The crucibles were heated to different 
temperatures close to the process temperature in the kiln and held for different times. More 
details of the experimental conditions are given in Paper I. After heat treatment, the crucibles 
were sectioned along the centre of the cavity to facilitate further investigation of the slag-
brick interface. Selected interfaces were polished and carbon sputtered prior to analysis. 
 
Mixtures of deposit and alkali were also placed on flat refractory brick specimens and heat 
treated to obtain a flat degradation front that could be characterised after grinding. Refractory 
bricks (in as-received condition) were then machined to 125x50x20 mm and heat treated in a 
laboratory furnace with 5 g of milled deposit material (containing 10 wt% each of Na2CO3 
and K2CO3) placed in two mounds on their surfaces. The samples were then sectioned to 
facilitate further investigation. Samples from the solid brick reaction tests, ground and 
polished layer by layer through the reaction zones were prepared, as shown in Fig. 4.1. The 
samples were ground 500 µm each time prior to the next analysis, except in the case of the 
chamotte-based brick with potassium addition, which was first ground 300 µm and thereafter 
500 µm each time. More details of the experimental conditions are given in Paper III. 
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Figure 4.1 Schematic of scanning of solid brick samples by x-ray diffraction, layer by layer.  
 
In order to accelerate chemical reactions, various brick and deposit powder mixtures were 
prepared by ball milling to increase surface area. In some cases, deliberate additions of alkali 
were used as catalysts. Powder mixtures were then heat treated to various temperatures and 
analysed. More details concerning the materials used and the experimental conditions are 
given in Papers I and III. 

4.2.2. Field samples 
During production stops, samples of deposits and refractory liners that had been in use in the 
kiln were collected. These samples were characterised by various types of microscopy and x-
ray diffraction. More details of the experimental conditions are given in Paper IV. 

4.2.3. In-situ sampling 
In-situ sampling using a deposition probe was carried out in the pellet plant KK2 in Kiruna, 
Sweden. Sampling was performed through a 3 in inspection port in a hatch, situated in the 
transfer chute between the grate and the kiln. An adapter was used for docking the 48 mm 
probe in the port. A probe was used with a part of a refractory brick mounted at its end. 
Sampling was carried out during production, on two different occasions: first during 
combustion of oil, and secondly during combustion of coal. The chamotte-based brick plates 
were machined to 38x47 mm, with a thickness of 5 mm. The brick plates were attached to the 
probe with an asphalt/silicone based sealant, and thereafter inserted in the industrial furnace 
for sampling. More details of the probe and the experimental conditions are given in Paper V. 
The set up of the deposition probe is shown in Fig. 4.2. 

 
 
 



  MATERIALS AND METHODS 

 38 

Figure 4.2 Experimental set up of the deposition probe used for in-situ sampling. 

4.3. Analysis techniques 

4.3.1. Optical microscopy  
Metallographic analysis was carried out using optical microscopy (OM). A Moritex MS-500C 
instrument was used to obtain micrographs. 

4.3.2. Scanning electron microscopy  
A JEOL JSM-6460 scanning electron microscope equipped with an Oxford Instruments x-ray 
energy dispersive detector for chemical analysis (SEM/EDX) was used with INCA software 
for obtaining images and chemical compositions. 

4.3.3. QEMSCAN 
A QEMSCANTM E340 (Quantitative evaluation of mineralogy by scanning electron 
microscopy) (SEM/EDX) using iDiscoverTM software was used to create field image scans. 
The field image scans were based on point analyses every seventh micrometer (µm) in the 
samples. 
 
QEMSCAN is the third generation of mineral analysis system that began with the QEMSEM 
which was developed at CSIRO (Melbourne, Australia) 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 the SEM and electron probe microanalyser (EPMA). The system is based on a SEM 
fitted with up to four light element energy dispersive x-ray spectrometers (EDS), which locate 
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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 identify the minerals present (Pirrie et al., 2004; 
Pascoe et al., 2007). The mineral list produced is defined at three levels: the species 
identification program (the SIP list); the primary list; and the final mineral list. The hierarchy 
of mineral lists, and how they are defined, is shown Fig. 4.3. The mineral list shown in this 
work is the secondary list, i.e. parts of the primary list relevant to each specific sample. 
Species with similar EDS spectra, such as magnetite and hematite, can be differentiated by the 
characteristic backscattered electron (BSE) signal. However, it is still difficult to differentiate 
magnetite from wüstite, since the software does not differentiate different crystal structures. 
Off-line processing can be used for final identification and creation of particle statistics 
(Gottlieb et al., 2000). 
 

 
 
Figure 4.3 The hierarchy of mineral lists used by QEMSCAN. 
 
Five different analysis modes are used by the QEMSCAN system, depending on the type of 
information required from the sample (Gottlieb et al., 2000; Butcher et al., 2000; Pirrie et al., 
2004; Goodall et al., 2005; Pascoe et al., 2007), described below. 
 
Bulk mineralogical analysis  
Bulk mineralogical analysis (BMA) is a one dimensional rapid line scan analysis method that 
can be used to establish the number and lengths of intercepts of different mineral species to 
characterise particle, mineral, and grain surface areas or sizes and mineral associations. 
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Particle mineralogical analysis  
Particle mineralogical analysis (PMA) is a two dimensional scan analysis method used for 
detailed characterisation of particles up to 1 mm in size. BSE images are used to determine 
particle diameter and perimeter length, and whether particles are in contact. This method is 
appropriate for liberation analysis, leaching and texture characterisation. 
 
Specific mineral search  
Specific mineral search (SMS) operates in a similar manner to PMA, except that the BSE 
images are created from particles with one specific brightness. This method is appropriate for 
the 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  
Trace mineral search (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 with a 
pre-defined threshold value, and the hardware function immediately rejects fields that lack a 
specific brightness. As with SMS, BMA is often used in conjunction with this method, which 
is appropriate for characterising precious metals. 
 
Field image scan  
A field image scan (FIS) is based on mapping of a non-particulate sample, such as an ore 
fragment or a refractory brick. The sample is divided into fields with a pre-defined size down 
to a limit in resolution of approx. 5 µm. The x-ray beam is directed to the centre of each field. 
At each spot where the probe stops, a standard number 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 corresponds to is 
revealed as a single pixel in the compositional mapping image with a pre-defined colour. This 
method is appropriate for quantitative and qualitative characterisation of e.g. slags and ores. 

4.3.4. X-ray fluorescence spectroscopy and x-ray diffractometry 
The chemical compositions of the deposit materials were determined by x-ray fluorescence 
spectroscopy (XRF) using a PANalytical MagiX instrument (with SuperQ software), 
calibrated using certified references. The materials tested were first transformed to fused 
beads in a Herzog HAG 12 inductive fusion machine. Analyses were carried out using 
rhodium x-ray radiation with flow proportional counters for Na, Mg and Al and a scintillation 
counter for all other elements, over a 2θ interval between 22 and 145º. The different valance 
states of iron (Fe2+ and Fe3+) were differentiated using a titration method with potassium 
dichromate (ISO 9035). All chemical analyses, and the work included in this procedure, were 
carried out at LKAB Research and Development Division in Malmberget, Sweden. 
 
X-ray diffractometry (XRD) was performed to clarify the phases present using 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 using a Philips x-ray diffractometer (MRD) 
instrument, with Cu Kα radiation (40kV, 45mA). The diffractograms were recorded over 
various intervals of 2θ. 

4.3.5. Differential scanning calorimetry and dilatometry 
Differential scanning calorimetry / thermal gravimetry (DSC/TG) and dilatometry 
experiments were performed to investigate the specific temperatures that thermally activated 
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phenomena such 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. 
Dilatometry experiments were conducted in a SiC furnace (Netzsch DIL 402C). The study 
was carried out on various powders in alumina crucibles between room temperature and 
1350ºC at a heating rate of 10 K/min. Two different atmospheres were used: helium and 
synthetic 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, because of 
oxidation in the pellets. The powder samples were compacted into pellets by cold isostatic 
pressing (CIP) at 250 MPa prior to insertion into the instrument. More details concerning the 
experimental conditions are given in Papers I and III. 
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5. Results 
Table 5.1 gives a summary of the types of brick that were analysed, and after which periods of 
use after installation in an industrial kiln (marked with X in the table). 
 
Table 5.1 Summary of types of brick that were analysed in different tests and after which periods of use.  
Brick types Chamotte-based  Andalusite-based  Bauxite-based 
As-fabricated X X X 
Laboratory-scale X X X 
Short-term X   
14 months   X 
4 years   X 
6 years X  X 
8 years X   

5.1. Properties of as-delivered refractory bricks 

5.1.1. Composition 
Figure 5.1 shows x-ray diffractograms obtained from the three types of brick studied in this 
work (after they were milled to powders): a chamotte-based brick (labelled Alex by the 
manufacturer), an andalusite-based brick (labelled Silox 60), and a bauxite-based brick 
(labelled Victor HWM). These bricks are used industrially, and were also used in the 
laboratory scale experiments in this study. 

 
                  Figure 5.1. Diffractograms recorded from the bricks (milled to powders) used in this study. 
 
The majority of peaks confirmed in the diffractograms correspond to corundum and mullite in 
all three types of brick. In addition, the bricks contain traces of other oxides, including quartz 
and cristobalite. The concentrations of phases present in the bricks vary slightly from batch to 
batch, because of variations in raw materials. 
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QEMSCAN field image scans were recorded on polished and carbon coated surfaces of these 
refractory bricks in their as-fabricated condition. The concentrations of specific phases, 
determined by estimation of the surface areas (translated to wt% using their density) are 
shown in Table 5.2. As QEMSCAN only records energy dispersive spectroscopy (EDS) and 
backscattered electron (BSE) signals, problems arise when differentiating polymorphs and 
phases with slightly different chemistry. Therefore, the phase referred to as quartz in the 
mineral list could be cristobalite, and the phase referred to as andalusite may be sillimanite, a 
mullite low in Al, or an amorphous glass. Similarly, the phase referred to as hematite may 
also contain magnetite. Moreover, since the resolution in the micrographs is 7 µm, an average 
of the frame is obtained from areas with a fine grained structure.  
 

Table 5.2. Concentrations of different phases present in the refractory bricks, based on the surface areas of the 
QEMSCAN field image scan. 
Minerals [wt%] Chamotte-based  Andalusite-based  Bauxite-based  
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 

 
The concentrations of phases present in the bricks determined by QEMSCAN correspond well 
with the relation between Al2O3, SiO2 and other oxides, according to data from the 
manufacturer and to what was found from x-ray diffraction analysis (XRD). A visualization 
of Table 5.2 and the colour codes used in the mineralogical mappings in Figs. 5.3(a)-(c) are 
shown in Fig. 5.2. 

 
Figure 5.2. Mineral assay showing the relative concentrations of minerals present in the bricks (given as numbers 
in Table 5.2) and the colour codes used in the mineralogical mappings in Figs. 5.2(a)-(c). 

5.1.2. Microstructure 
Mineralogical mappings created using QEMSCAN field image scans are shown in Fig. 5.3: 
the chamotte-based brick (Fig. 5.3(a)), the andalusite-based brick (Fig. 5.3(b)), and the 
bauxite-based brick (Fig. 5.3(c)). All were in the as-fabricated condition. Selections of SEM 
micrographs showing the typical morphologies of different regions and phases (determined by 
QEMSCAN) are shown in Figs 5.4-5.12. 
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Figure 5.3(a). 
QEMSCAN field image 
scan recorded on a 
polished surface of the 
chamotte-based brick, in 
its as-fabricated 
condition. 

 

Figure 5.3(b). 
QEMSCAN field image 
scan recorded on a 
polished surface of the 
andalusite-based brick, in 
its as-fabricated 
condition. 

 

Figure 5.3(c). 
QEMSCAN field image 
scan recorded on a 
polished surface of the 
bauxite-based brick, in 
its as-fabricated 
condition. 
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Corundum and mullite are the most common minerals in all three types of brick. Figure 5.4 
shows the typical morphology of corundum grains, here clustered within the bauxite-based 
brick. A small amount of TiO2 was present in all three brick types, according to the 
manufacturer’s analysis. The majority of the titanium was located in a phase referred to as 
corundum-rutile in the QEMSCAN mineral list. The micrograph in Figure 5.5 shows an 
overview of an area of the bauxite-based brick: the circle marks an area with titanium oxide 
inclusions. 
 

  
Figure 5.4. SEM micrograph showing corundum 
grains within the bauxite-based brick. 

Figure 5.5. Overview SEM micrograph of the bauxite- 
based brick. The circle marks an area of corundum 
with titanium oxide inclusions. 

 
A SEM micrograph showing part of the area marked with a circle in Fig. 5.5 is shown in Fig. 
5.6. Corundum (seen as darker grains) and titanium oxide (white grains) are shown. It is not 
possible to determine crystal structure using QEMSCAN, and the concentration is too low to 
be confirmed by XRD, however, the phase is a titanium oxide that includes iron, which was 
confirmed by EDS. Figure 5.7 shows a similar area of corundum-rutile, here from the 
andalusite-based brick. 
 

  
Figure 5.6. SEM micrograph showing corundum 
(dark) and titanium oxide (white) grains within the 
bauxite-based brick. 

Figure 5.7. SEM micrograph showing corundum 
(dark) and titanium oxide (white) grains within the 
andalusite-based brick. 

 
Figure 5.8 shows mullite crystals that have grown from the andalusite that the brick is based 
on. The mullite shows a similar morphology to that observed by Bouchetou et al. (2005) 
(shown in Fig. 2.8 in Chapter 2), where mullite also grew from andalusite. Figure 5.9 shows a 
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SEM micrograph of mullite grains in a bauxite-based brick. The different sizes of mullite can 
be seen in the mixture of primary mullite (sizes >1 µm) and secondary mullite (needles with 
lengths ~10 µm). Corundum grains are marked C in the micrograph. 
 

  
Figure 5.8. SEM micrograph showing mullite grown 
from the andalusite that the brick is based on. 

Figure 5.9. SEM micrograph showing mullite and 
corundum (C) grains within a bauxite-based brick. 

 
Figure 5.10 shows a region of SiO2 in a chamotte-based brick (probably cristobalite that is 
more prominent than quartz in the XRD measurements). Similarly, Fig. 5.11 shows a region 
of SiO2 in the bauxite-based brick. 
 

  
Figure 5.10. SEM micrograph showing a region of 
SiO2 within the chamotte-based brick. 

Figure 5.11. SEM micrograph showing a region of 
SiO2 within the bauxite-based brick 

 
Cracks are more common in regions of SiO2 compared with the surrounding material. 
 
Figure 5.12 shows an area of what is referred to in the QEMSCAN mineral list as 
metakaolinite, here in the chamotte-based brick. The high apparent porosity is probably a 
result of the lack of EDS and BSE signals. These areas correspond to porous alumina-silicates 
in the refractory bricks.  
 
To summarise, the morphology of phases present in the different brick types varies, as does 
the morphology within single bricks. However, the morphologies described here recur, and 
are representative of each brick type. 
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Figure 5.12. SEM micrograph showing a porous region in the chamotte-based brick. 

5.2. Properties of deposit materials 

5.2.1. Composition 
Chemical analyses of the deposit materials collected in the industrial kiln and those used in 
the laboratory scale tests were obtained by XRF. A more detailed summary of results obtained 
on different sampling occasions is given in Appendix A. 
 
XRF measurements indicated that the deposit materials collected normally comprised 
between 90 and 95 wt% Fe2O3. XRD measurements obtained from deposit materials reveal 
only hematite, as the other phases present do not attain the detection limit of XRD, which lies 
around 4%. However, XRD measurements obtained from short-term deposits collected in-situ 
in a grate-kiln plant showed predominantly hematite with traces of other phases, shown in 
Fig. 5.13(a). A scan obtained using a shorter step length showing a close-up of the minor 
peaks in Fig. 5.13(a) is shown in Fig. 5.13(b). Peaks detected from minor phases belong to 
cristobalite and quartz (both SiO2), mullite (3Al2O3·2SiO2) and anorthite (CaO·Al2O3·2SiO2). 

  
Figure 5.13. Diffractograms obtained from deposit material collected in-situ in a grate-kiln plant. (b) is a 
magnified view of a section from (a). 
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5.2.2. Microstructure 
Hematite is by far the most common 
crystalline phase found in the deposit 
materials. Figure 5.14 shows a SEM 
micrograph obtained from a deposit sample 
collected in the industrial kiln KK2, which 
reveals the microstructure of hematite 
particles. The particles are embedded in a 
glassy phase closest to the lining surface in 
the deposits. Further from the lining a lower 
amount of glassy phase that bonds the 
hematite particles together is present; instead, 
they are sintered together, and therefore 
contain more porosity. The particles vary 
between 5 and 50 µm in size. 

 
Figure 5.14. Hematite particles (H) bonded together by 
a glassy phase. 

5.3. Properties of refractory bricks after laboratory scale testing 

5.3.1. Composition 
Thermal analysis by differential scanning calorimetry (DSC) and thermal gravimetry (TG), 
and XRD was carried out on a mixture of equal amounts of powdered deposit material and 
powders from milled bauxite-based brick. Only minor changes were detected: neither 
endothermic nor exothermic reactions were detected using DSC, and no mass changes were 
detected during TG analysis, nor were new phases detected by XRD. 
 
Figure 5.15(a) shows the DSC and TG thermograms from a sample of powder mixture 
comprising equal amounts of deposit material (type a in Appendix A) and powders from 
milled bauxite brick, with an addition of 5 wt% Na2CO3, heated in an air atmosphere from 
room temperature to 1350°C. 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 is 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 showed emission of water and CO2 at 115°C, and emission of CO2 between 500 
and 800°C. Figure 5.15(c) shows diffractograms from similar powder mixtures to the thermal 
analysis, heat treated in an air atmosphere at 700, 1150 and 1350ºC. XRD scans of these 
powders showed that mullite reacts with alkali, and forms nepheline (Na2O·Al2O3·2SiO2) 
between 700 and 1150ºC (peaks marked with red circles). The XRD scan on a sample heated 
to 1350ºC showed that the amount of nepheline decreased. All other peaks correspond to 
phases present in the deposit material (hematite), or the brick material (corundum, quartz and 
mullite).  
 
Figure 5.15(b) shows the DSC and TG thermograms from a powder mixture comprising equal 
amounts of deposit material (type b in Appendix A) and powder from milled bauxite-based 
brick, with an addition of 5 wt% K2CO3, which was heated in an air atmosphere, from room 
temperature to 1350°C. The TG response (green line) shows a total mass loss of 1.8% 
between room temperature and 1350°C. The sample first gains 0.2% in mass to 80°C as a 
result of the buoyancy effect. Subsequently mass loss occurs continuously between 110 and 
910°C; most pronounced in the temperature ranges 110-170ºC and 650-910ºC. The DSC 
response (solid line) shows an endothermic peak at 910°C. In-situ mass spectrometry showed 
emission of water and CO2 at 115°C, and emission of CO2 between 500 and 800°C. Figure 
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5.15(d) shows diffractograms from similar powder mixtures as those used for thermal 
analysis, heat treated in an air atmosphere at 700, 1150 and 1350ºC. XRD scans of these 
powders showed that mullite reacts with alkali, and forms kalsilite (K2O·Al2O3·2SiO2) 
between 700-1150ºC (peak marked by red star). The XRD scan on a sample heated to 1350ºC 
showed that the amount of kalsilite decreased - leucite (K2O·Al2O3·4SiO2) is formed instead 
(peaks marked with blue circles). All other peaks correspond to phases present in the deposit 
material (hematite), or the brick material (corundum, quartz and mullite).  
 

  

  
Figure 5.15. (a) DSC and TG thermograms from a powder mixture comprising equal amounts of deposit material 
(type a in Appendix A) and powder from milled bauxite-based brick, with an addition of 5 wt% Na2CO3, heated 
in an air atmosphere from room temperature to 1350°C. (b) DSC and TG thermograms from a powder mixture of 
equal amounts of deposit material (type b in Appendix A) and powder from milled bauxite-based brick, with an 
addition of 5 wt% K2CO3 heated in an air atmosphere from room temperature to 1350°C. Diffractograms of (c) 
powder mixtures of the same type as in (a) heated in air to 700, 1150 and 1350ºC, and diffractograms of (d) 
powder mixtures of the same type as in (b) heated in air to 700, 1150 and 1350ºC. 
 
During heat treatment carried out with a solid brick with deposit/alkali mounds placed upon it, 
it was found that the effects of sodium and potassium on the refractory brick were different, 
and that new phases formed at different depths. Figure 5.16 shows an image from the reaction 
test using the chamotte-based brick with milled deposit material placed in mounds on it. It can 
be seen that a more pronounced reaction took place in the mound containing the sodium 
addition than that containing the addition of potassium. A higher concentration of liquid phase 
had been present in the mound containing sodium, while the mound with potassium remained 
mainly in the solid form. With the sodium addition, the reaction zone migrated into the brick, 
whereas only a minor amount of material from the mound with potassium penetrated the brick 
(the sintered mound could easily be removed from the brick). This was the case for both 
chamotte and bauxite brick types. 
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Figure 5.16. Chamotte-based brick after the solid brick reaction test. 
 
The deposit material containing sodium was more reactive than that containing potassium; the 
visual corroded layer was 3.5 mm in the bauxite-based brick, as seen in Fig. 5.17. XRD scans 
carried out at depths of 0, 1.5, 2.5 and 3.5 mm in the brick are shown in Fig. 5.18. Nepheline 
and hematite were found at a depth of 1.5 mm beneath the original deposit/brick interface. A 
summary of the phases present at different depths from the different tests is given in Paper III. 
 

  
Figure 5.17. Optical micrograph showing the reaction 
zone from the solid brick reaction test with the 
bauxite-based brick and sodium-doped deposit 
material. 

Figure 5.18. Diffractograms obtained from surfaces 
ground and polished to various depths in the bauxite-
based refractory brick. 

 
Little reaction between the deposit material containing potassium and the bauxite-based brick 
material was observed, in comparison with the test using sodium; the visual corroded layer 
was only ~0.2 mm in thickness, as seen in Figure 5.19. XRD scans carried out at depths of 0, 
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0.5 and 1 mm in the refractory brick are shown in Fig. 5.20. Kaliophilite was found at a depth 
of 1 mm beneath the deposit/brick interface. 
 

  
Figure 5.19. Optical micrograph showing the reaction 
zone from the solid brick reaction test with the 
bauxite-based brick and potassium-doped deposit 
material. “a” and “b” in this figure, are locations where 
SEM micrographs shown in next section were 
obtained.  

Figure 5.20. Diffractograms obtained from surfaces 
ground and polished to various depths in the bauxite-
based refractory brick. 

5.3.2. Microstructure 
Reaction tests using crucibles were performed with different deposit material compositions, 
alkali additions, times and temperatures for all three brick materials; more information about 
the experimental arrangement and results can be found in Paper 1. Crucibles made of the 
different brick materials are shown in Fig 5.21 - chamotte-based, bauxite-based and 
andalusite-based (from left to right) - all from the experiment performed at 1350°C for 5 
hours. The penetration of deposit material creates a reaction layer (a brownish zone), which is 
shown with higher magnification in Fig. 5.22.  
 

 
Figure 5.21. Crucibles made from different brick materials: chamotte-based, bauxite-based and andalusite-based 
(from left to right) from the experiment performed at 1350°C for 5 hours. 
 
The distribution of chemical composition in the region depicted by the red frame in Fig. 5.21 
is shown in the form of elemental maps in Fig. 5.22. The black part in the lower right corner 
of each frame of Fig. 5.22 is the cavity of the crucible. Brighter areas indicate a higher 
concentration of the depicted element in the elemental maps. 
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Figure. 5.22. SEM micrographs showing (a–d) elemental maps in which the black region in the lower right 
corner is the crucible cavity, (e) a BSE micrograph, and (f) an optical micrograph of the area marked with a red 
frame in Fig. 5.21. 
 
It can be seen in the compositional maps that the deposit/refractory reaction layer is brick 
material with a higher iron concentration than the original brick. Moreover, grains richer in 
aluminium, and consequently richer in alumina, appear to be more resistant to penetration of 
potassium oxide compared with other phases present in the brick. 
 
Figure 5.23 shows phase mapping in the form of a QEMSCAN field image scan obtained 
from the interaction zone between deposit material and the bauxite-based brick from the 
reaction test after 5 hours at 1400°C. The large white area in the top part of the micrograph is 
the crucible cavity containing some adhered deposit material termed hematite (red in the 
figure).  
 

 
Figure 5.23. Phase map generated by a QEMSCAN field image scan obtained from the interaction zone between 
deposit material and the bauxite-based brick. 
 
A reaction layer has formed between the deposit and brick material. Alkali metals have 
penetrated deeper into the brick, and were found mainly in the phase termed mullite needles 
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in alkali glass. The corundum grains are intact and some alkali has migrated along the grain 
boundaries. Slag (Al-Si) is present deeper in the bulk. In addition, closely related to the alkali 
migration fronts, the phase termed corundum (K) and the feldspathoid minerals kalsilite and 
nepheline are formed. The SEM micrographs shown in Fig. 5.24, indicate (a) the phase 
termed as mullite needles in alkali glass is secondary mullite formed by the presence of 
potassium, and (b) the phase termed corundum (K) is potassium-β-alumina (with the 
stoichiometric composition K2O·11Al2O3), formed by the presence of potassium. 
 

  
Figure 5.24. SEM micrographs of (a) formation of secondary mullite from primary mullite, and (b) formation of 
β-alumina from α-alumina. 
 
Figure 5.25 shows phase mapping in the form of a QEMSCAN field image scan obtained 
from the interaction zone between deposit material and the andalusite-based brick from the 
reaction test after 5 hours at 1400°C. The large white area in the top part of the micrograph is 
the crucible cavity containing some adhered hematite (red) and slag (Al-Fe) (green).  
 

 
Figure 5.25. Phase map generated by a QEMSCAN field image scan obtained from the interaction zone between 
deposit material and the andalusite-based brick. 
 
A distinct reaction layer has 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 beneath the crack, and mullite 
and corundum grains are intact. 
 
It was observed in different tests (see Papers I and II) that the brick with the higher corundum 
content (bauxite-based) has a less distinct penetration front, and the corundum grains have 
greater integrity. The alkali metals have migrated along the grain boundaries in the high 
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corundum brick, while the andalusite-based brick creates a reaction layer, shown in the SEM 
micrograph, Fig. 5.26. Such a reaction layer is reported to prevent further slag penetration 
(Farris and Allen, 1973) and consists here of feldspathoid minerals (mainly nepheline) that 
form a dense layer through volume expansion. This volume expansion also resulted in a crack 
that separated the deposit material from the brick. Beneath the crack, potassium has 
penetrated deeper into the brick, which resulted in the formation of secondary mullite.  
 

 
Figure 5.26. SEM micrographs obtained from the interaction zone between deposit material and the andalusite-
based brick showing hematite in needle formations in a slag phase (H), corundum (C), formation of secondary 
mullite and crystallised nepheline (S-F), secondary mullite in a glassy phase (S-G), and primary mullite (P). 
 
Figure 5.27 shows SEM micrographs obtained from the interaction zone between deposit 
material and the chamotte-based brick from the reaction test after 5 hours at 1400°C.  
 

  
Figure 5.27. SEM micrographs obtained from the interaction zone between deposit material and the chamotte-
based brick that show (a) deposit material that has cracked off from the brick, and (b) deposit-brick interface 
where a few hematite grains have migrated into the brick material. 
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Figure 5.27(a) shows that the slag phase comprising hematite grains has cracked off from the 
β-alumina formed in the brick. Fig. 5.27(b) shows hematite grains that have migrated into the 
brick bulk. As the mullite grains grow larger, the open region in the intermediate glassy phase 
increases in volume and allows grains of hematite to migrate into the brick. 
 
In the reaction test between solid brick and deposit material that included K2CO3, most of the 
hematite remained at the original brick/deposit interface; only minor amounts penetrated 
voids and cracks while potassium was detected by EDS deeper into the refractory brick, as 
shown in Fig. 5.28(a) and (b). 
 

  
Figure 5.28. SEM micrographs showing (a) voids in the refractory brick filled with a silica-potassium glass 
(marked with arrows), and (b) the formation of secondary mullite. P = primary mullite, S = secondary mullite. 
 
Figure 5.28(a) illustrates how voids become filled with a silica-potassium glass (marked with 
arrows), which at some locations penetrated the brick to a depth of ~0.5 mm. These fill-ups of 
voids were also observed as protrusions of the corroded layer (close to “a” in Fig. 5.19). 
Moreover, the penetration front of potassium causes the formation of secondary mullite from 
primary mullite, marked with a rectangle in Fig. 5.28(a), and shown with a higher 
magnification in Fig. 5.28(b). 

5.4. Properties of refractory bricks after short-term in-situ sampling in an 
industrial kiln  

5.4.1. Composition 
Short-term in-situ sampling was performed on chamotte-based bricks in an industrial kiln. 
Analysis by XRD was not carried out, as it was assumed that no new phases would evolve in 
such a short time to an extent that they would be detectable. However, at some locations a 
glassy phase was observed at the surface as a result of reaction with Ca, K and P in particular, 
discussed further below.  

5.4.2. Microstructure 
Details of in-situ sampling on a brick plate in a grate-kiln plant are given in Paper V. Figure 
5.29 shows a SEM micrograph obtained from a sample collected during coal combustion. The 
sample was tilted towards the lee side and held for 22 h. Very little deposition was found on 
the refractory brick surface. Only a few grains of hematite were found locally. However, at 
some locations Ca, K and P were found to a depth of ~50 µm beneath the surface, marked by 
arrows in Fig. 5.29. These elements may have migrated and caused the mullite grains to 
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dissolve, but a more likely explanation is that the upper layer closest to the surface (~50 µm) 
is a deposition of another type, compared with the type described in Section 5.2. 
 

 
Figure 5.29. SEM micrograph showing a few grains of hematite 
deposited on a brick sample. The interface between mullite grains and 
the reacted region is marked with arrows. 

 
Figure 5.30 shows that voids and fissures were filled instantly with hematite grains during in–
situ sampling in the kiln, after 40 min of sampling during oil combustion. 
 

 
Figure 5.30. Hematite grains captured in a fissure of the refractory 
sampler used during the short-term test carried out during combustion 
of firing oil.  

5.5. Properties of refractory bricks after 14 months use in an industrial kiln  

5.5.1. Composition 
No new phases were detected by XRD in the bauxite-based brick examined that had served as 
a liner for 14 months. 
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5.5.2. Microstructure 
Figures 5.31(a) and (b) show the lining–deposit interface in a sample collected 6 m from the 
outlet of a production kiln (KK2, Kiruna), where the bauxite-based bricks have served as 
liners for 14 months. The hematite dominated deposits seen in the top of Fig. 5.31(a) (white 
grains, marked H) remain mainly on the brick surface in a distinct front, while a few grains 
have migrated into the liner. At some locations they form a laminar structure with alumina 
from the brick (corundum grains marked C), shown with a higher magnification in Fig. 
5.31(b). The white lamellae comprised iron oxide with ~1 wt% Al and ~3 wt% Ti, while the 
dark lamellae comprised aluminium oxide with ~1 wt% each of potassium and silicon. Very 
little glassy bonding phase exists around the corundum grains in the lining material. 
 

  
Figure 5.31. SEM micrographs showing (a) a lining-deposit interface sample, collected 6 m from the outlet of 
the kiln, and (b) a part of the deposit material in (a) with a higher magnification. (H=hematite, C=corundum.) 

5.6. Properties of refractory bricks after 4 years use in an industrial kiln 

5.6.1. Composition 
Insufficient brick material was collected for analysis by XRD. However, a qualitative analysis 
is provided by the image recorded using QEMSCAN, which is shown in the next section. 

5.6.2. Microstructure 
Figure 5.32 shows the ore colour codes used 
for different phases in the QEMSCAN field 
image scan (shown in Fig. 5.33). This was 
obtained from the lining-deposit interface in 
a sample collected from the outlet of a 
production kiln (KK2, Kiruna) where the 
bauxite-based brick had served as a liner for 
four years. The hematite-dominated deposit 
material (red in Fig. 5.33) is seen at the top 
of the micrograph forming a distinct interface 
with the remaining brick.  

 
Figure 5.32 Colour code used in QEMSCAN field  
image scan shown in Fig. 5.33. 

 
Potassium however, has penetrated the brick, and reacted primarily with mullite, while the 
reaction with corundum is more moderate. Very little sodium is detected in the lining 
material, compared with potassium. Newly formed phases (in addition to those originally 
present in the brick, i.e. mullite and corundum), which were particularly prominent in the 
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QEMSCAN images are termed: mullite needles in alkali glass, kalsilite, kalsilite glass (high 
K), metakaolinite, corundum (K) and leucite. These phases were observed more than 5 mm 
from the deposit-lining interface. 
 

 
Figure 5.33. A QEMSCAN field image scan obtained from the lining-deposit interface in a sample 
collected from the outlet of a production kiln (KK2, Kiruna), where the bauxite-based bricks have 
served as liners for four years. Hematite-based deposit material (red) is seen in the top of the 
figure. 

 
Figure 5.34 shows a SEM micrograph of the area analysed using QEMSCAN shown in Fig. 
5.33.  
 

 
Figure 5.34. SEM micrograph showing the area analysed in the QEMSCAN field image scan in 
Fig 5.33. 
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An enlargement of the area marked with a black frame in Fig. 5.34 is shown with a higher 
magnification in Fig. 5.35. 
 

 
Figure 5.35. SEM micrograph showing dislodged corundum grains (dark) 
that have migrated through the deposit material. 

 
Dislodged corundum grains (dark in Fig. 5.35) are released by erosion when the grain 
boundaries become corroded in the lining, and migrate into the deposit material surrounded 
by hematite grains.  
 
An enlargement of the area marked with a white frame in Fig. 5.34 is shown with a higher 
magnification in Fig. 5.36. 
 

 
Figure 5.36. SEM micrograph obtained from a bauxite-based brick that has 
served as refractory liner for four years, in which secondary mullite is formed 
from primary mullite, as a result of the presence of potassium. 
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The finer interlocked mullite structure (primary mullite) loses its interlocking form as it 
transforms to rod-like crystals (secondary mullite) around the mullite aggregates. This is also 
observed around all other mullite aggregates at this location (See QEMSCAN image Fig 
5.33). White spots in the micrograph are regions of high titanium concentration. 

5.7. Properties of refractory bricks after 6 years use in an industrial kiln 

5.7.1. Composition 
No new phases were detected by XRD in the bauxite-based brick that had served as a liner for 
six years. 
 
Figure 5.37 shows the diffractograms of milled brick material (chamotte-based type) in (a) as-
received condition, and in (b) after serving as refractory liner for six years in an industrial 
kiln. 

 
Figure 5.37. Diffractograms recorded on (a) a brick sample in its as-fabricated condition, and (b) recorded on a 
brick sample that has served as refractory liner for six years in the kiln (collected 3 m from the inlet of the kiln). 
 
In Fig. 5.37(a) the majority of confirmed peaks correspond to corundum and mullite, 
including traces of cristobalite and quartz (both SiO2). In Fig 5.37(b) mullite is seen to be 
almost depleted to an undetectable level, as is SiO2. Instead, new phases have formed, notably 
leucite (K2O·Al2O3·4SiO2). Minor peaks in the diffractogram correspond to potassium β-
alumina (K2O·11Al2O3) and kalsilite (K2O·Al2O3·2SiO2); these are phases detected in the 
sample but in concentrations lower than leucite and corundum.  
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5.7.2. Microstructure 
Figure 5.38 shows a SEM micrograph obtained from the lining-deposit interface in a sample 
collected 12 m from the outlet of a production kiln (KK2, Kiruna), where the bauxite-based 
bricks have served as liners for six years. The hematite-dominated deposit material seen in the 
top of the micrograph (marked H) remains on the brick surface in a distinct front. The grains 
of hematite in the deposit material have sintered, and increased the particle-to-particle contact 
area, which results in grain growth and a more homogenous layer of hematite. Titanium oxide 
is observed as small white grains in the lining (marked with black arrows). However, a zone 
~100 µm closest to the deposit material (where the corundum grains are marked with C) is 
depleted in titanium oxide. Some of the titanium oxide grains are observed to migrate through 
the glassy phase marked with white arrows. 
 

 
Figures 5.38. SEM micrograph obtained from the lining-deposit interface in a sample collected 12 m from the 
outlet of a production kiln (KK2, Kiruna), where the bauxite-based bricks have served as liners for six years. 
Black arrow marks titanium oxide grains and white arrows marks regions of glassy phase. (H=hematite, 
C=corundum.) 
 
Figure 5.39 shows a SEM micrograph obtained from the lining-deposit interface in a sample 
collected 30 m from the outlet (3 m from the inlet) of a production kiln (KK2, Kiruna), where 
the chamotte-based bricks have served as liners for six years. Deposit material, dominated by 
hematite (marked H), 5-50 µm in diameter, remained on the lining surface in a distinct front. 
Corundum grains (marked C) were detected in the lining material, together with some rod-like 
formations, probably comprising leucite that is the most prominent phase at this location, as 
detected by XRD. A zone in which grains from the brick mixed with hematite grains form a 
denser layer (~30 µm thick) than the more porous deposit material above is present. 
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Figure 5.39. SEM micrograph obtained from the lining-deposit interface in a sample collected 30 m from the 
outlet of a production kiln (KK2, Kiruna), where the chamotte-based bricks have served as liners for six years. 
(H=hematite, C=corundum.) 

5.8. Properties of refractory bricks after 8 years use in an industrial kiln 

5.8.1. Composition 
No new phases were detected by XRD in the chamotte-based brick that has served as liner for 
eight years. This is significant as it is of the same quality, installed at the same occasion (only 
5 m closer to the burner) as the brick liner collected two years earlier, which showed a 
considerable amount of new phases evolved. 

5.8.2. Microstructure 
Figure 5.40 shows a micrograph obtained from the lining-deposit interface in a sample 
collected 25 m from the outlet of a production kiln (KK2, Kiruna), where the chamotte-based 
bricks have served as liners for eight years. Hematite is the dominant phase in the deposit 
material (dark in the figure), and the figure shows how material from the deposits has 
penetrated fissures (arrow to left in the figure) and joints (arrow to right in the figure). 
Hematite filled joints are 400-800 µm broad while hematite filled fissures are 100-200 µm in 
width. Migrated hematite in the bulk of the brick liner gives the reddish colour. 
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Figures 5.40. Micrograph of the lining-deposit interface in a sample collected 25 m from the outlet of a 
production kiln (KK2, Kiruna), where the chamotte-based brick has served as a liner for eight years. The arrow 
to the left marks a fissure and the arrow to the right marks a brick joint - both filled with material from the 
deposit. 

5.9. Summary of principal changes  

5.9.1. Composition 
Potassium penetrates more deeply into the bricks than hematite, resulting in the formation of 
kalsilite, leucite and potassium β-alumina, which contributes to degradation of the lining 
through volume expansions that can create cracks in the lining. 

5.9.2. Microstructure 
Larger hematite grains in the deposit material (5-50 µm) remain primarily at the original 
deposit/lining interface. The remainder penetrates fissures, voids and brick joints, forms a 
laminar structure with corundum from the bricks, and migrates in grains in the lining material. 
No products of reactions between alkali and hematite were detected. Phases such as 
nepheline, kalsilite, leucite, and potassium β-alumina were formed as a consequence of 
reactions between alkali and the bricks. 

5.9.3. Mechanical properties 
As elements from the deposit material (notably potassium and iron) migrate into the refractory 
bricks, the mechanical properties of the bricks are reduced. The bricks are changed chemically 
(through the formation of new crystalline and amorphous phases), and physically (through 
volume expansions caused by phase transformations). Cracks resulting from volume 
expansions during phase transformations have been observed in the bricks. 
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6. Discussion 
In this chapter the results obtained are discussed in terms of the theory outlined in Chapter 3 
and the findings of other workers.  

6.1. Effect of fuel type on particle chemistry and degradation 
During oil combustion it was observed that the deposition of material on the refractory lining 
was negligible compared with deposition during coal combustion. Burning of oil leaves very 
few residues after combustion (~0.02 wt%) compared with coal (7-15 wt%). Fly-ash from 
coal combustion contributes with alkali metals to the formation of low melting temperature 
phases, which enhances corrosion of the refractory lining.  
 
The deposition rate not only depends on the type of burner fuel, but also on the integrity of the 
pellets when they enter the kiln (Niiniskorpi, 2004). Cnare (1975) observed that deposition 
mainly depends on the dust present in the kiln. Jiang et al. (2009) reported problems with 
deposition of disintegrated pellets on the lining, even when natural gas was burned.  
 
Alternative fuels such as wood residues and worn out tyres may become appropriate for 
combustion as burner fuel in kilns for iron ore pelletising. Materials will be burned that 
contribute a higher concentration of alkali metals and gases such as chlorine and sulphur, 
which are reported to act in an even more corrosive manner on refractory linings than alkalis 
(Bryers, 1995). Penetration to the full depth of the refractory lining in cement rotary kilns has 
been reported (Potgieter et al., 2004). As the burner fuel quality decreases, the importance of 
pellet quality increases. 

6.2. Effect of time on degradation mechanisms 
It is difficult to compare brick liners that have been installed over different periods of time as 
conditions vary in the kiln, and the bricks are of different quality. In general, during steady 
operation the liners are not affected significantly.  
 
It was observed in liners collected after several years of service in an industrial kiln that 
considerable amounts of material from deposits had penetrated the brick liner surface and 
further migrated into the lining, both through capillary infiltration via cracks, fissures and 
brick joints, and also by diffusive mechanisms. Diffusive mechanisms occur slowly and are 
affected considerably by time. It can be assumed that infiltration to some extent depends on 
diffusion. This migration of deposit material into the lining was observed in samples collected 
after: 
 

• 4 years (migration of potassium, detected by QEMSCAN) 
• 6 years (migration of potassium, detected by XRD) 
• 8 years (migration of iron, detected by microscopy). 

 
The samples mentioned above were collected from brick liners that may be considered to 
have been in a kiln for iron ore pelletising for a long time. Normally, bricks are worn-out by 
mechanical phenomena after shorter times (Zhu and Zhao, 2003), long before they are 
penetrated to such a degree by material from the deposits. 
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6.3. Effect of temperature on degradation mechanisms 
It is difficult to compare brick liners that have been in use at different temperatures, because 
(i) there are two different brick types in use in the hotter and cooler parts of the kiln, and (ii) it 
is not known precisely how much deposit material had adhered to the brick surface and 
insulated the brick from heat, which may have maintained the temperature several hundred 
degrees lower. However, this section discusses the thermal effects acting on the lining. 
 
Chen et al. (1982) investigated coefficients of thermal expansion (CTE) within different 
aluminosilicate refractory bricks (based on e.g. chamotte, andalusite and bauxite, similar to 
the bricks investigated in this work). It was found that the chamotte-based refractory brick had 
a moderate CTE (5.5 ºC-1x106 in the range 600-1200ºC), andalusite-based brick had a higher 
CTE (7.2) than the chamotte based brick, while the bauxite-based bricks had the highest CTE 
(6.5-9) among the tested materials. This can be explained by the increasing alumina content of 
these materials. Therefore, it might be considered that bauxite-based liner bricks are not 
appropriate for the hottest sections of the kilns studied in this work. Spallation occurs because 
of thermal expansion (see Fig. 2.2), and as parts of the lining crack off, further degrading 
mechanisms are facilitated. 
 
On heating, the lining in a rotary kiln expands with temperature, proportional to the 
coefficient of thermal expansion (CTE) of the refractory. This aids in securing the bricks, but 
stresses from the liners in the ring brickwork arise in the metal casing (Shubin, 2001b). 
Variations in temperature in the kiln cause thermal shocks that can results in brick spallation.  
 
Even during steady state conditions, the 
lining is exposed to temperature oscillations 
as it rotates (Shubin, 2001a). In rotary kilns 
used for iron ore pellet production, the lining 
can be assumed to be exposed to different 
temperatures during each revolution of the 
kiln (see Fig. 6.1): 
 

• (a) pre-flame 
• (b) flame-exposed 
• (c) post-flame 
• (d) covered by pellet bed. 

 
When the lining is covered by the pellet bed, 
it is exposed to less radiation from the 
flame, but exposed more to heat from the 
energy liberated from the oxidation of the 
pellets.  

 
Figure 6.1. Schematic of the different lining temperature 
regions in the kiln cross-section: (a) pre-flame, (b) 
flame-exposed, (c) post-flame and (d) covered by pellet 
bed. 

 
If the kiln rotates at ~2 rpm (as does the kiln studied in Papers IV and V), it revolves ~3000 
times a day, with a temperature oscillation during each revolution. The temperature oscillation 
range varies from kiln to kiln, depending on operating conditions, but the temperature 
variation can be as high as ~100ºC in the lining, down to a depth of 30 to 40 mm beneath the 
hot face (Shubin, 2001a). This cycle gives rise to thermal fatigue, and Kingery (1955) showed 
that thermal expansion hysteresis is associated with microcracks in ceramic materials. 
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Moreover, an even larger thermal stress acts on the lining at starts and stops during 
production, giving rise to several stress states in the form of longitudinal and lateral bending, 
brickwork twisting, vibration and torsion (Shubin, 2001a; Shubin, 2001d). 
 
Another effect of increased temperature on the refractory bricks is that chemical (e.g. 
corrosion) and physical (e.g. infiltration) degradation mechanisms are enhanced as more 
liquid phases form. This is observed particularly in the laboratory scale experiments (Paper I).  

6.4. Effect of iron oxide on degradation mechanisms 
The majority of the material that deposits on the refractory lining in the kilns studied in this 
work is hematite; mainly from disintegrated pellets, but some originates from the fly-ash from 
the coal burned to heat the kiln. From in-situ sampling (Paper V) it was observed that fissures 
in the refractories are initially filled with particles that fit. Further, deposition on flat surfaces 
is initiated by small particles with sizes ~2 µm or less. On a vertical surface, small particles 
can easily adhere in deposits by inertial impaction without a sticky bonding phase. However, 
the deposit formation on the refractory lining in the rotating kiln develops under more 
complex mechanical conditions. Inertial impaction has a minor influence on deposition in the 
kiln, where dust particles from disintegrated pellets and fly-ash tumbles around and may stick 
to surfaces by other mechanisms. With more texture, and stickier particles, deposits are able 
to bond larger particles to the surface. When many airborne particles are present in the kiln 
deposition can increase rapidly.  
 
In these deposits, it has been observed that larger hematite grains (5-50 µm) in the deposit 
material remain primarily at the original lining-deposit interface, both in the laboratory scale 
tests and in the industrial kilns. Hematite grains remain in their original form, having sharp 
edges, unless they sinter under the influence of low melting temperature compounds. Alkali 
metals in concentrations as low as those found in the kiln do not cause melting and 
recrystallisation of hematite; they only promote its infiltration and sintering. Some of the 
hematite penetrates the hot face via fissures, voids and brick joints, some forms a laminar 
structure with corundum from the bricks, and some migrates through the lining, and grains 
accumulate in clusters deeper in the lining. The driving force for the migration of hematite 
into the refractories is mainly capillary infiltration, where grains of hematite are in the solid 
state, but infiltration is promoted by a viscous glassy phase. However, at some locations the 
migration mechanism of hematite could be diffusive. The penetration of deposit material into 
fissures and joints (to depths of several cm) acts like a glue in the brick joints, such that the 
bricks are sintered together and act as a monolithic lining. This is probably one of the reasons 
that the lining could serve as long as 8 years in one location. Nevertheless, the zone of iron 
penetration is just a few mm into the bulk of the brick, and the concentrations of iron 
containing phases evolved by reaction with lining material were still too low to be detected by 
XRD analysis. 
 
Hematite itself does not significantly affect the mechanical properties of the lining - it does 
not cause any detectable phase transformations. It can migrate in the lining material, through 
pores and brick-joints – it even appears to reinforce the lining by its penetration, as it holds 
the brick liners together. Accumulation of a thin layer of deposit on the surface of the lining at 
some locations in the kiln may act as a protective thermal insulator and as protection against 
alkali from the fly-ash; however, when such deposits grow they create mechanical strains that 
can be fatal for the lining. 
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6.5. Effect of titanium oxide on degradation mechanisms 
Alkali is an important factor in the chemical decomposition of the lining in rotary kilns. 
However, alkali metals are not the only driving force for reactions between lining and deposit 
material. Hematite from the deposit material starts to react with corundum from the brick, 
observed as a laminar structure. One of the driving forces for this is the exchange of titanium. 
It is not clear whether this liberation of titanium oxide from alumina in the lining is a 
degrading mechanism however, it has previously been observed that the presence of TiO2 
enhances the crystallisation of nepheline in glasses, as it acts as a catalyst (Hamzawy and El-
Meliegy, 2008). 

6.6. Effect of the chemical composition of the deposits on degradation 
mechanisms 
The bonding phase between larger particles of hematite in the deposit material consists of a 
non-crystalline phase. Table 6.1 shows the chemical analyses of deposit materials collected 
from the KK2 kiln, Kiruna, after a year of build-up (see original data in Paper IV and 
Appendix A), in a form where iron oxides are subtracted and other oxides normalised. Even 
though a small amount of iron is present in this non-crystalline phase, these normalised data 
give an indication of the composition of the phase that bonds the hematite particles in the 
deposits. 
 
Table 6.1. Chemical analyses of deposit materials, when iron oxides are subtracted and other oxides are 
normalised. 

Distance from outlet (m) 0 10 20 
SiO2 55.31 50.07 55.27 
Al2O3 10.38 12.81 15.49 
CaO 9.82 8.78 7.81 
MgO 10.19 11.39 8.95 
Na2O 2.61 2.37 2.87 
K2O 1.66 1.71 2.17 
MnO 1.32 1.66 0.99 
TiO2 3.96 4.03 2.84 
V2O5 3.59 4.27 2.42 
P2O5 1.13 1.09 1.01 
Sulphur  0.03 1.80 0.17 

 
The bonding phase is often stoichiometrically close to cordierite (2MgO·2Al2O3·5SiO2) or 
anorthite (2CaO·Al2O3·2SiO2), with traces of Na, K, V and Ti in particular. Anorthite has also 
been observed by XRD in short-term deposits collected in the kiln (Paper V). 
 
In the phase diagram of the pseudo-ternary system Al2O3-SiO2-MgO, there are three invariant 
points with eutectics on the boundary of the cordierite composition, at temperatures of 1335, 
1365 and 1367º. In the phase diagram of the pseudo-ternary system Al2O3-SiO2-CaO, there 
are three invariant points with eutectics on the boundary of the anorthite composition, at 
temperatures 1170, 1265 and 1310ºC. These temperatures may be further decreased by the 
inclusion of K+, Na+ and Fe2+ ions, as the pseudo-ternary phase diagrams of the systems 
Al2O3-SiO2-K2O, Al2O3-SiO2-K2O and Al2O3-SiO2-FeO all have invariants a few hundred 
degrees lower; i.e. the bonding phase between particles of hematite in the deposit material is 
partially liquid under prevailing conditions in the kiln, and may enter the refractories by 
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capillary infiltration. Therefore, it may be assumed that production of pellets with higher Ca 
content contribute to deposition and infiltration to a greater extent than pellets with a higher 
Mg content. 
 
In the phase diagram of the pseudo-ternary system Fe2O3-SiO2-CaO, there are several 
invariants close to the composition of calcium ferrite (CaO·Fe2O3). This calcium ferrite is a 
phase likely to form by reaction between the hematite and some of the additives (dolomite and 
limestone) in the pellets. It has a melting temperature below the temperature in the kiln 
(~1200ºC), which may be lowered further by the inclusion of SiO2 (<1200ºC). 
 
Alkali metals have been observed to accumulate in pores, grain boundaries, brick joints and in 
the glassy phase in the refractory lining. In the phase diagram of the pseudo-ternary system 
SiO2-K2O-Na2O there are invariants at compositions as high as ~75 wt% (SiO2) and ~25 wt% 
(K2O-Na2O), which melts at ~700ºC (Yazhenskikh et al., 2008). This means that alkali (here 
observed to be potassium) can migrate through porosity, and silica rich glass in the liquid 
state in the refractories, to depths where it crystallizes because of undercooling. 

6.7. Effect of alkali metals on degradation mechanisms 
The effects of potassium and sodium on degradation mechanisms are observed in this work to 
be distinctly different, even if both elements are often generalised as alkalis. It appears that 
while potassium penetrates deeply into the uncorroded refractory bricks, sodium only reacts 
with the refractory brick at the hot face, but in a more aggravating manner. 
 
Liquid and/or vaporised potassium penetrates the face of the lining through voids, fissures and 
brick joints, where it is entrapped by liquids, condenses (if in the form of vapour) and further 
migrates into the bulk of the lining. The migration rate for potassium, when it has entered the 
refractory brick through the porosity, is especially high along the boundaries of mullite 
particles (seen in Fig. 5.33), where the presence of potassium causes the formation of 
secondary mullite. When this Al-richer mullite is formed, Si is released into the viscous 
glassy phase surrounding these mullite needles - from this glassy phase, crystallisation of 
potassium feldspathoid minerals occur. Therefore, this formation of secondary mullite, caused 
by the presence of potassium that occurs around the aggregates of primary mullite in the 
refractories studied is the first step in a corrosive mechanism that finally promotes 
degradation of the lining. 
 
Through penetration via the hot face into the refractory lining, the potassium infiltrates the 
lining in high concentrations - at some locations to a depth of several mm. Potassium 
penetrates more deeply, and in larger amounts, than sodium in the lining material, even if 
their oxides (K2O and Na2O) are present in similar concentrations in deposit materials 
collected. In fact, several trace elements (e.g. Na, Ti, Ca, Mn) found in similar or even higher 
concentrations in the deposit materials than potassium are not found to migrate into the 
refractory lining. This is in agreement with Narita et al. (1981) who observed that potassium 
was found in concentrations five times as high in the fireclay based lining (which is 
comparable in composition with the chamotte-based liner used in this study), in a blast 
furnace.  
 
Schüller (1964) observed the formation of needle-like secondary mullite from potash feldspar 
and silica. In contrast, soda feldspar caused the same action at higher temperatures. Therefore, 
the formation of secondary mullite by potassium can occur deeper in the lining compared with 
the reaction caused by sodium. It is even observed on the laboratory scale how sodium reacts 
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with brick material and crystallises as nepheline, while potassium remains in the glassy phase 
deeper in the brick. 
 
Leucite is the newly evolved phase found in the highest amount in refractory liners that had 
been in use in the kiln studied in this work. In the pseudo-ternary phase diagrams of the 
system Al2O3-SiO2-K2O, there are several invariant points that lie on the boundary with the 
leucite field, with eutectic temperatures below 1000ºC, and even down to 786ºC. However, 
stochiometric leucite (K2O·Al2O3·4SiO2) has a melting temperature of 1683ºC, far above the 
temperature in the lining in industrial kilns; even though it can be assumed that parts of the 
leucite close to the hot face of the refractory lining are in a viscous form during industrial 
production, and that it crystallises from a glassy phase during cooling at kiln shut-downs. 
 
Sodium, however, does not migrate deeply into the lining; instead, it lowers the melting 
temperature of the lining material, and forms a more viscous glassy phase, so that grains of 
hematite can migrate into the bulk of the lining. 
 
Corundum withstands the alkali concentration present in the industrial kilns - it does not 
dissolve even when present in high alkali concentrations. However, it may form β-Al2O3 at 
the edges of Al2O3 particles, which causes cracks (see Fig. 5.27(a)) because of the volume 
expansion of ~25%. Mullite, silica and glassy phase react to a higher extent with the alkali. If 
or when mullite reacts with sodium and/or potassium and forms kaliophilite, kalsilite or 
nepheline, a volume expansion of ~20% is produced. If mullite instead forms leucite, a 
volume expansion of ~25% is produced. Therefore, reaction between potassium and the lining 
is not only a corrosive action, but also a mechanical action working on the lining. 
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7. CONCLUSIONS 
• Deposit materials on the refractory lining of the rotary kiln studied comprise chunks 

that are formed from coal ash and pellet residues, which adhere mainly through 
sintering. 

• Migration of alkali metals from deposits into the liner bricks through capillary 
infiltration and diffusion are the principal degradation mechanisms found in the liner 
bricks. Mullite in the bricks is dissolved, forming brittle secondary phases, which 
exacerbate mechanical erosion when they expand at high temperatures. Moreover, the 
amount of glassy phase in the bricks is enhanced, which is a migration path for other 
oxide particles in the solid state. This has been demonstrated on the laboratory scale 
and in a production kiln. 

• The rate of degradation is increased by: 
o The presence of certain elements, particularly alkali metals, and compounds in 

various forms: 
§ hematite, which penetrates fissures, voids and brick joints, and forms a 

lamellar structure with corundum from the bricks 
§ sodium, which contributes to the liquid phase formation of mullite 
§ potassium, which penetrates more deeply into the liner bricks than 

sodium and hematite, resulting in the formation of kalsilite, leucite and 
potassium β-alumina, which contribute to degradation by spallation 

§ titanium, which contributes to the formation of a lamellar constituent 
that increases the interaction between deposits and lining. 

o A higher temperature on specific occasions in the kiln, which increases the 
penetration depth of alkali metals and hematite. 

• The lifetime of the liner bricks may be extended by: 
o decreasing the amount of the porosity to avoid penetration of foreign elements 
o changing their shape from rectangular to wedge-shaped 
o maintaining a more even temperature distribution in the kiln over time, thus 

reducing the extent of deposit infiltration and thermal spallation.  
• Brick degradation is caused by concurrent chemical reactions and migration of grains 

from the refractory lining into the deposit material and vice versa.  
• Further studies into the effect of mechanical and thermomechanical mechanisms 

acting on the lining would provide more information regarding the deformation 
mechanisms and means of reducing them. 
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8. Recommendations and future work  

8.1. Use of low concentrations of alkali metals 
It is clear that the presence of sodium and potassium accelerates degradation mechanisms, 
regardless of whether they originate from coal combustion, additives, binders or gangue 
minerals. Even when present in minor concentrations, alkali metals enhance interaction with 
other elements and the lining. Their use should be limited, and if possible, avoided. 

8.2. Design of lining and brick geometry  

8.2.1. Use of back-up lining 
A back-up lining underneath the original lining has been used in a number of applications not 
involving iron ore pellet production. Production stops caused by the fall out of liner bricks are 
then not as urgent as at present. Another benefit of the use of a backup lining is the increased 
insulating effect. Much heat is currently lost through the lining. With a backup lining, energy 
costs could be reduced, which would produce economic advantages as well as reducing 
environmental impact. The drawback is a higher mechanical action with a double layer of 
lining, which may increase the risk that bricks may become crushed. 

8.2.2. Design of refractories – type 1 
Refractories designed in the geometry shown in Fig. 8.1 have been installed successfully in a 
rotary kiln (Slovikovskii, 2010). An increase in lifetime of the lining by around 50% was 
observed.  
 

 
Figure 8.1. Novel refractory brick design: (1) hook, (2) artificial pores, (3) working zone of refractory 
product/brick, and (4) heat insulation fill made of fibrous material (e.g. kaolin cotton batting or asbestos fibres) 
(Slovikovskii, 2010). 
  
A lining using bricks of this type would minimise the risk for urgent stops caused by fall out 
of bricks, and also increase the insulating properties of the bricks. 
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8.2.3. Design of refractories – type 2 
As the width of the bricks varies ~15 mm from the base of the lining to top (at the hot face), 
there is a risk for fall out of bricks, especially when cracks are initiated. One way to avoid 
brick fall outs is to use bricks with a tongue and groove geometry as illustrated in Fig. 8.2 
(Liever, 2002). 
 

 
   Figure 8.2. Effective brick lining system for circular cross section (Liever, 2002). 
 
A lining with tongue and groove brickwork would minimise the risk for urgent stops caused 
by fall out of bricks. 

8.3. Design of furnace geometry 
The transfer from grate to kiln through the transfer chute disturbs the gas flow. An 
improvement for the next generation of furnace systems would be to avoid bottle-necks, 
where gas flows are disturbed, and where particles adhere to walls by inertial impaction. 
Moreover, the fall in height in the transfer chute could be minimised, causing fewer pellets to 
disintegrate when they fall. 

8.4. Evaluation of installed coating types 
Different types of coating have been installed as test pieces in the preheat zone of the KK3 
grate-kiln in Kiruna. A few samples have subsequently been collected during productions 
stops for further investigation, as shown in Figs. 8.3(a) and (b). 
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Figure 8.3(a). SEM micrograph obtained from a 
calcium-aluminate based coating installed in the 
preheat zone of a grate-kiln plant. Arrow marks the 
depth of the coating. 

Figure 8.3(b) SEM micrograph obtained from a 
calcium-aluminate based coating installed in the 
preheat zone of a grate-kiln plant. Arrows mark where 
deposit material releases itself from the coating. 

 
Some of the coatings show promise as the deposits are easy to remove. An extended study of 
these would be appropriate, in order to establish the type of coating that would prevent 
sticking and infiltration. 

8.5. Evaluation of mechanical and thermomechanical stresses 
Thermomechanical action on the lining is believed to create greater problems for the lining, 
compared with the chemical aspects investigated in this work. It would be appropriate to carry 
out a detailed study regarding the mechanical and thermomechanical mechanisms that operate 
in the lining in such kilns.  

8.5.1. Mechanical stresses 
Shubin (2011d) reviewed mechanical effects on 
the lining in rotary kilns (used in cement 
production). As a lined kiln is heavy, strains are 
created through own weight, resulting in an 
ellipticity shown in Fig. 8.4. The radial strain of 
the kiln casing is defined as the change in the 
kiln’s radius of curvature. A mathematical 
expression for ellipticity (ω) may be derived from 
the difference in axis lengths (a and b in Fig. 8.4). 
The maximum ellipticity (ωmax) recommended 
may be calculated using the expression Dkiln/10, 
i.e. a kiln of diameter 5 m should not exceed an 
ellipticity of 0.5%. Moreover, Shubin (2011d) 
recommended a lining thickness of at least 250 
mm in kilns with a diameter of 5 m. For rotary 
kilns used in pelletising of iron ore, common 
measures for diameter are ~7 m, and with such 
arguments, a lining above 250 mm in thickness 
should be used. 

 

 
Figure 8.4. Schematic explanation of the 
definition of ellipticity in a kiln. 
 

 
When deposits grow too thick and become too heavy, the ellipticity of the kiln increases, as 
do the stresses on the lining. 
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8.5.2. Thermomechanical stresses 
Shubin (2011b, 2011c) reviewed the effects of temperature on the lining in rotary kilns (used 
in cement production). To extend the lifetime of the refractory linings in the rotary kilns 
studied, the mechanical and thermomechanical phenomena acting in the linings (discussed in 
Chapter 6) must be better understood. Therefore, it is recommended that a full scale 
investigation, possibly accompanied with some thermomechanical modelling, should be 
carried out.  

8.6. Evaluation of the role of titanium 
One of the driving forces for the interaction between lining and deposit material appears to be 
diffusion of titanium from the lining towards hematite in the deposits. A refractory liner as 
inert as possible is preferable. Further investigation of the role of titanium is appropriate, with 
a view to minimising its effect on degradation mechanisms. 

8.7. Evaluation of deposit mechanisms 
The mechanisms by which material is deposited on refractory linings are not yet fully 
understood. It has earlier been stated that the key factor for kiln ringing is the presence of dust 
(Cnare, 1975), and that the amount of dust and build-up in the kiln is proportional to the 
mechanical strength of the pellets after the grate (Niiniskorpi, 2004). Further studies of these 
mechanisms are recommended. 

8.8. Initiation of new type of refractory materials 
As shown in the Ashby diagram (Fig 2.4), refractory materials from the Al2O3-SiO2 system 
have low thermal expansion coefficients and appropriate maximum working temperatures. 
Moreover, SiC has properties close to mullite. A fully carbon-bonded brick would easily 
oxidise in the kiln, but as reinforcement in grain boundaries, it would obstruct the wetting of 
molten phases. Other possible candidates as reinforcer are zirconia, which has a higher 
thermal expansion coefficient, but which has previously been used as a reinforcer for mullite-
alumina bricks (Aksel, 2003), and to make ceramics denser (Rendtorff et al., 2012). 
Moreover, the andalusite-based brick type used in the laboratory-scale part of this work has 
only been used in small tests in the kiln. A more controlled full scale test in an industrial kiln 
is recommended, in order to evaluate advantages and drawbacks of the brick material. 
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Appendix A 
Table A.1. Chemical analysis obtained from deposit materials collected in the KK2 kiln (wt%). 

Collection year 2006 2006 2006 2006 2007(b) 
Distance to outlet (m) 0 10 20 Transfer chute 0 
Fe2O3 90.31 91.55 88.27 67.70 89.19 
Fe3O4 2.22 2.22 2.35 2.12 0.91 
SiO2 2.93 2.11 3.89 14.16 5.41 
Al2O3 0.55 0.54 1.09 7.80 2.43 
CaO 0.52 0.37 0.55 2.53 0.58 
MgO 0.54 0.48 0.63 0.90 0.60 
Na2O 0.14 0.10 0.20 0.68 <0.05 
K2O 0.09 0.07 0.15 0.48 0.16 
MnO 0.07 0.07 0.07 0.07 0.06 
TiO2 0.21 0.17 0.20 0.54 0.23 
V2O5 0.19 0.18 0.17 0.14 0.17 
P2O5 0.06 0.05 0.07 0.64 0.12 
Sulphur 0.002 0.076 0.012 0.020 0.007 

(b) Used in thermal analysis. 
 
Table A.2. Chemical analysis obtained from deposit materials collected in the KK2 kiln (wt%). 
Collection year 2010 2010 2010 2010 2010 2010 2010 
Distance to outlet (m) 0 6 12 25 33 S.T. 14 h S.T. 22 h 
Fe2O3 94.42 96.66 94.83 90.18 92.49 55.76 59.53 
Fe3O4 0.94 0.76 1.05 3.11 1.41 1.62 1.82 
SiO2 2.60 1.18 2.15 3.31 3.28 21.67 18.70 
Al2O3 0.46 0.20 0.44 0.82 0.83 11.21 8.99 
CaO 0.45 0.23 0.36 1.31 0.75 3.79 4.50 
MgO 0.51 0.52 0.58 0.54 0.55 1.77 2.14 
Na2O < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 <0.07 <0.07 
K2O 0.09 0.03 0.07 0.10 0.09 0.38 0.27 
MnO 0.08 0.08 0.08 0.10 0.08 0.08 0.11 
TiO2 0.19 0.18 0.19 0.19 0.20 0.66 0.62 
V2O5 0.19 0.13 0.18 0.17 0.19 0.12 0.13 
P2O5 0.06 0.02 0.05 0.07 0.07 0.96 0.94 
Sulphur 0.013 0.027 < 0.001 0.002 0.003 0.004 0.006 

S.T. 14 h = Short-term (14 h) deposit collected in-situ in the transfer chute; S.T. 22 h = Short-term (22 h) deposit 
collected in-situ in the transfer chute, both during September, 2010. 
 
Table A.3. Chemical analysis obtained from deposit materials collected in the Svappavaara kiln (wt%). 
Collection year* 2005 2005 2006(a) 2006 2006 2006 2006 
Distance to outlet (m) 0 m 32 m 0 m 10 m 20 m 30 m 40 m 
Fe2O3 93.12 91.25 90.60 89.87 87.87 87.27 82.61 
Fe3O4 1.74 1.74 2.29 2.06 2.93 2.64 3.32 
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 
CaO 0.42 0.58 0.58 0.40 0.43 0.50 0.51 
MgO 1.35 1.38 1.44 1.50 1.55 1.47 1.40 
Na2O 0.04 0.13 0.10 0.15 0.15 0.18 0.54 
K2O 0.03 0.10 0.06 0.12 0.11 0.15 0.32 
MnO 0.09 0.09 0.08 0.07 0.08 0.08 0.08 
TiO2 0.26 0.29 0.26 0.22 0.27 0.26 0.29 
V2O5 0.19 0.19 0.19 0.18 0.20 0.19 0.17 
P2O5 0.04 0.05 0.04 0.04 0.06 0.07 0.07 

(a) Used in thermal analysis. 
(*) Sulphur not tested 
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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 98 wt%.

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 5 mm 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 40 mm�
40 mm� 50 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 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
10 K/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 600mm. Powder
mixtures were prepared with 50 wt% slag (denoted C in
Table III) and 50 wt% 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 10 K/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 10 MPa,
and by cold isostatic pressing (CIP) was carried out at
250 MPa 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 1 mm 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.
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(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 10 K/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

Two types of refractory bricks were used in reaction tests with slag from a production kiln for iron ore pellet production. Electron microscopy

was used to characterize morphological changes at the slag/brick interface and active chemical reactions. Phases such as kalsilite, nepheline and

potassium b-alumina form, in a layered structure, as a consequence of alkali metals migration in the brick. Larger hematite grains (50–100 mm) in

the slag remain at the original slag/brick interface, while smaller grains dissolve and move through the partly dissolved brick bulk, and forms

micrometer sized needle-shaped crystals deeper in the lining material. Thermodynamic simulations predict the formation of a solid solution

between hematite and corundum which is also observed in the reaction zone after extended time periods.

# 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: B. Electron microscopy; D. Mullite; D. Al2O3; E. Refractories

1. Introduction

Refractories based on ceramic materials have been used in

metallurgical processes since around 3500 BC when metals

were first 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 used during such production today are: 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. Temperatures up to about 1350 8C can be

reached in the kiln [3]. The first iron ore pellet plant of grate–

kiln type started in 1960 and today there are globally 35 such

Allis-Chalmers type pellet plants and a few of other types.

Refractory bricks wear 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 [4].

Two common brick types used in such kilns have been used in

this lab scale study. 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 forms the mineral mullite during heat treatment, which

has appropriate refractory properties, among them high melting

temperature, low thermal expansion and low thermal conductiv-

ity. Mullite is a solid solution where the amount of Al2O3 can vary

between 55 and 90 wt%, but it is commonly expressed

stoichiometrically by the oxide formula 3Al2O3�2SiO2 [5].

In general, the most harmful wear mechanism of refractory

bricks in this application, is a combination of mechanical
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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 metal containing

slag, mullite refractories corrode and some specific phase

transformations occur. When alkali metal reacts with alumi-

nosilikates, 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 the

presence of free SiO2, and jadeite (NaAlSi2O6) forms only

under high pressure [9]. The formation of these phases is

assumed to contribute to the degradation of the bricks.

However, proper descriptions of the wear mechanisms are

still lacking to facilitate improved lifetime through proper brick

design. Thus, this paper gives detailed descriptions of the

chemical reactions occurring at the interface between the brick

and alkali metal containing slags. The reaction zone is

characterized after different types of heat treatments by X-

ray diffraction (XRD) and electron microscopy and spectro-

scopy (QEMSCAN and SEM), and the experimentally

observed reaction products are compared to thermodynamic

simulations of the same system.

2. Experimental procedure

Two different types of bricks were used in this study, one

based on bauxite (product name: Victor HWM, Höganäs Bjuf)

and on andalusite (product name: Silox 60, Höganäs Bjuf). The

chemical compositions of the bricks, based on datasheets from

the producer, are shown in Table 1. Their porosity is between

15% and 20% and their density is 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).

The reactions between brick material and slag were

conducted through a series of crucible/slag reaction tests.

Crucibles were machined from both brick types in their as

fabricated condition, with dimensions of 40 mm � 40 mm

� 50 mm. 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 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 into two parts along the center of the cavity,

to facilitate investigation of the slag/brick interface. The

interfaces were polished and carbon sputter deposited prior to

electron microscopy.

The chemical composition of the slag was determined by X-

ray fluorescence spectroscopy (XRF) using rhodium X-ray

radiation, a flow proportional counters for Na, Mg and Al and a

scintillation counter for all other elements over a 2u-interval of

22–1458, 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 Ka radiation. The

diffractograms were recorded over an interval 10–908 of 2u.

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 QEMSCAN1

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 back-

scattered electron (BSE) signals 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

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 mm.

A mineral database – Species Identification Protocol (SIP) –

was used in the QEMSCAN1 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.

Thermodynamic simulations were carried out with 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 performed in the

temperature range between 500 and 1400 8C, in inert atmo-

sphere at ambient pressure.

Table 1

Chemical composition of refractory bricks used in this study.

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
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3. Results

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%).

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.

Fig. 2 depicts graphically the mineral assays detected by

QEMSCAN of the investigated samples and the minerals

concentrations. The color codes used in Fig. 2 are also used in

the field images (Figs. 3 and 4). Abbreviations used in the figure

are—V: bauxite based brick and S: andalusite based brick, e.g.

S(24)1400 should be read as crucible made from the andalusite

based brick tested at 1400 8C for 24 h.

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 bauxite

based brick 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 the brick based on bauxite the major

reaction products are: corundum (K), corundum (Fe), alumina

silicate matrix, mullite needles in alkali glass and slag (Al–Fe),

and for the andalusite based brick: 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).

3.1. Brick–slag interface characterization

Fig. 3 shows QEMSCAN micrographs of the interaction

zones between bauxite based brick and slag, after 5 (Fig. 3(a))

and 72 h (Fig. 3(b)) at 1400 8C. After 5 h hematite is

dominating at the surface. Below the surface several layers

have evolved, first two layers mainly consisting of hematite

(Al) and hematite (Al–K). Below the hematite zone corundum

(high Fe) and slag (Al–Fe) are present and even deeper layers of

corundum (K) and slag (Al–K) are observed. A reaction layer

has formed between the hematite and corundum zones. Deeper

into the brick alkali metal has penetrated further and is found

mainly as mullite needles in alkali glass. The corundum grains

are intact and some alkali metal has migrated along the grain

boundaries. In addition, closely related to the alkali metal

Table 2

Composition in wt% for modified entries in the species identification protocol (SIP) used in the QEMSCAN analysis.

Al2O3 SiO2 Fe2O3 K2O Na2O

Alumina silicate matrix 25 � 5 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 3

Chemical composition of the slag used in the experiments.

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

Fig. 1. XRD diffractogram of the original brick materials Victor HWM and

Silox 60.
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migration fronts the phase potassium b-alumina and the

feldspathoid minerals kalsilite and nepheline are formed.

After heat exposure for 72 h (Fig. 3(b)) hematite is

dominating together with needles of corundum (Fe) at the

surface. Further down, a corundum and mullite zone is present.

Below a zone with corundum and alumina silicate matrix is

present. The corundum and hematite solid solution, corundum

(Fe), has increased in concentration compared to 5 h test, seen as

needle-like formations at the surface. The reaction layer is more

diffused here. Much of the alkali metal is present in the alumina

silicate matrix which is distributed over a relatively large area.

QEMSCAN micrographs in Fig. 4 shows the interaction

zones between the andalusite based brick and slag, after 5 (a)

and 72 h (b) at 1400 8C. At the surface in the 5 h test, hematite

is dominating together with the slag (Al–Fe). Further into the

reaction 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. A

distinct reaction layer has formed between the hematite and

corundum/mullite. Below this reaction layer a crack is seen

between the layer and the bulk of the brick material. Alkali

metal penetration further into the bulk material is less

Fig. 2. Mineral assay of different minerals and phases from the QEMSCAN analysis.

Fig. 3. Phase maps generated by QEMSCAN field image scans showing Victor HWM and the interaction zone with the slag after 5 (to left) and 72 (to right) hours at

1400 8C. Identified phases in different reaction zones are given to the right of the images.
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pronounced with increasing depth, and mullite and corundum

grains are intact.

At the surface in the 72 h test, 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. The

surface contains adhered hematite with corundum and hematite

solid solution needles. The reaction layer is more diffused in

this test, compared to samples with 5 h dwell time. A majority

of the alkali metal is present in the alumina silicate matrix

which is distributed across the entire reaction zone.

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. 5(a) and is

found in both brick types. Fig. 5(b) shows needle-like

formations with stoichiometric proportions K2O�11Al2O3 that

are more profound in the bauxite based brick than in the

andalusite based brick. The label used in the QEMSCAN

analysis of this phase is corundum (K) and it is referred to in the

literature as potassium-b-alumina [17]. Secondary mullite is

formed around the mullite grains in the presence of alkali

metals in both brick types, shown in Fig. 5(c). In the

QEMSCAN images the secondary mullite is called mullite

needles in alkali glass.

The tests show that the brick with higher corundum content

(bauxite based) have a less distinct penetration front and the

corundum grains stay more intact. The alkali metals have

migrated along the grain boundaries in the high corundum

brick, while the andalusite based brick create a reaction layer,

shown in Fig. 5(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. Also observed, is that the slag

adheres harder to the andalusite based brick.

From the reaction test with 72 h dwell time at 1400 8C, the

corundum and hematite solid solution have further increased in

concentration (Fig. 6), and appears as needle-like formations in

both bricks. 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 metals 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

metals to drive the zone further. Noteworthy is that the

protective nepheline reaction layer observed in the andalusite

based brick after 72 h, is now lost and the penetration front

looks similar in both crucible types.

3.2. Thermodynamic simulations

The composition of the system used for the first thermo-

dynamic simulation was:

� 5 g of 3Al2O3�2SiO2 (mullite).

� 1 g of K2CO3.

� 1 g 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 Fig. 7(a) as phase fraction as a function of

temperature. The simulation is based on reaching equilibrium at

Fig. 4. Phase maps generated by a QEMSCAN field image scans showing Silox 60 and the interaction zone with the slag 5 (to left) and 72 (to right) hours at 1400 8C.

Identified phases in different reaction zones are given to the right of the images.
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every temperature, which results in reactions between alkali

metals, mullite and corundum at considerably lower tempera-

tures than what is experimentally observed. Only solid phases

and gaseous (not shown) are considered. The Al2O3 and the

mullite are already disintegrated at 550 8C when the simulation

starts. Instead K2Al12O19, NaAlSiO4, KAlSiO4, and Na2CO3

appear. At 700 8C the Na2CO3 disappear, and KAlO2 forms. The

largest variation in concentrations is at 1100 8C when K2Al12O19

totally disappear to the benefit of KAl9O14.

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 Fig. 7(b).

The difference between the two simulations is that in the

second case with Fe2O3 addition, Al2O3 and Fe2O3 forms a

solid solution (labeled corundum) already at the starting

temperature, which at most, incorporate �10% Al2O3. At

temperature above 1200 8C this phase transform to a spinel

phase, which above 1250 8C also incorporate Al2O3 from the

KAl9O14, which then increase its amount.

4. Discussion

This work focus on the degradation of bricks serving as

refractory liners in rotary kilns at iron ore pellet production, i.e.

characterization of occurring chemical reactions and alkali

metal migration in mullite based refractories. The observed

reactions between brick and slag are as expected more

enhanced by increased temperature compared to increased

dwell time, both in terms 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 metals react

primarily with mullite, and secondarily with Al2O3, forming b-

Al2O3 which is expected based on the literature [17,19]. The

penetration front is less distinct in the bauxite based brick,

where corundum exists in higher amounts. Corundum grains

keep more intact than mullite grains but the grain boundaries

corrode and the grains migrate into the slag. The slag adheres

harder to the andalusite based brick that has a lower corundum

concentration.

Fig. 6. Backscattered electron micrograph from the Silox 60 crucible test at

1400 8C (72 h). Large arrows to right mark the needle formations of the corun-

dum–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.

Fig. 5. Backscattered 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 8C (5 h), and (d) the reaction layer between mullite and

slag, from the Silox 60 crucible in the test at 1400 8C (5 h). 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.
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The interaction between slag and bricks observed in this

study can be described as: grains of hematite with sizes between

50 and 100 mm remain at the original surface of the brick.

Hematite species, migrates and penetrates through the partly

dissolved and porous brick by capillary infiltration and

diffusion, and forms in needle-shaped crystals deeper in the

lining material. Hematite has an isomorphic structure to

corundum and to some extent forms a solid solution according

to the thermodynamic simulations, which is also seen

experimentally as these needle-like formations. Below the

layer of dissolved brick that contains these two types of

hematite needles, another layer of b-alumina and feldspathoids

are formed, seen experimentally and in accordance with the

thermodynamic simulations. This disintegration of mullite that

results in the formation of nepheline is associated with a

volume expansion, observed by dilatometry to occur fastest

between 650 and 750 8C [18] and in some cases causing cracks

in the tested crucibles. A third deeper layer with secondary

mullite forms by the molten feldspar present during the heat

treatment. Mullite in needle-like formations in an alkali metal

rich glass is in accordance with earlier observations [20–23],

where nucleation of primary mullite occurred in an amorphous

silica glass (sizes less than 0.5 mm), and the alumina richer

secondary mullite started to grow from the primary mullite, in

needle-shaped formations (lengths above 1 mm) in the presence

of an amorphous alkali–aluminosilicate melt. 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 h a

high concentration of a glassy alumina silicate matrix is

present, especially in the andalusite based brick, which further

enhances the degradation of the brick [18].

Potassium beta-alumina (b-Al2O3) was observed as a

reaction product in needle-like formations, which is in

agreement with thermodynamic simulations that predict the

presence of KAl9O14 with similar composition. b-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 b0 and b00 phases contain

an increasing amount of alkali metals. The b-Al2O3 is no longer

present after for 72 h, to the benefit of the corundum (Fe) solid

solution and the alumina silicate matrix. In order to improve the

lifetime of the refractories primarily the penetration of

potassium needs to be suppressed.

The corundum–hematite solid solution depleted of Ti

formed after long dwell time at high temperatures (see in

Fig. 6), has previously been observed [27–29] and is predicted

by thermodynamic simulations (not shown). According to the

literature, the Hem(ss) can incorporate 8% Al2O3, and the

Cor(ss) can incorporate Fe2O3 8% at 800 8C. At 1300 8C the

concentrations are increased to 12 and 15 wt% respectively.

Above 1318 8C the phase AlFeO3 is formed [30]. The

maximum TiO2 concentration in Fe2O3 at 1200 8C is

12.3 mol%, while Fe2O3 maximum concentration at 1200 8C
in TiO2 is 0.8 mol% [28]. The maximum TiO2 concentration in

Al2O3 is �0.3 mol%, while Al2O3 is not soluble in TiO2 [29].

Titanium is instead often included by the phase pseudobrookite

(Fe2O3 TiO2) on the form M3O5, a solid solution that can

include other cations (e.g. Al3+, Mg2+) [31,32], or have a higher

iron concentration similar to our experiment. A pseudobrookite

with aluminium is often referred to as b-Al2TiO5. Another

phase observed in the system, with confirmed stoichiometry

Al6Ti2O13 and orthorhombic crystal structure were synthesized

by Norberg et al. [33]. Among these solid solutions between

phases, observed in the literature [27–32], what satisfies best

with our observation (Fig. 6) is a hematite incorporating Al2O3

(large arrows in figure) and a hematite incorporating TiO2

(small arrows in figure), both depleted of TiO2 and Al2O3

respectively.

5. Conclusions

� The presence of alkali metals cause several types of chemical

reactions that are detrimental to the lifetime of both types of

brick investigated.

� Potassium is more detrimental than sodium since it penetrates

deeper in to the brick.

Fig. 7. Thermodynamic simulation of a system consisting of (a) mullite,

K2CO3, and Na2CO3, and (b) mullite, hematite, K2CO3, and Na2CO3; both

carried out between 500 and 1400 8C in argon atmosphere at ambient pressure.
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� The alkali metals penetrate deeper in the high corundum

bricks, forming b-alumina, nepheline and kalsilite accom-

panied 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 and 100 mm, were

observed to remain on the origin surface of the brick, while

hematite species migrates through the partly dissolved and

porous brick bulk by capillary infiltration and diffusion, and

forms needle-shaped crystals deeper in the lining material.

� At high temperature corundum and hematite forms a solid

solution, which is depleted of Ti.
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Refractory bricks based on mullite and corundum, commonly used in rotary kilns for iron ore 
pellet production, and deposit material from an iron ore pellet production kiln, were used in 
laboratory scale tests to investigate refractory/deposit reactions and the infiltration of deposit 
components into the refractory bricks. The materials tested were in both monolithic form and 
in the form of powder. Alkali metal carbonates (containing sodium and potassium) were used 
as corrosive agents, to increase reaction kinetics. The morphological changes and active 
chemical reactions at the refractory/deposit interface in the samples were characterized by 
scanning electron microscopy. X-ray diffraction showed that alkali metals react with the 
mullite in the bricks, being more pronounced in the case of sodium than potassium. Phases 
such as nepheline (Na2O·Al2O3·2SiO2), kalsilite and kaliophilite (both K2O·Al2O3·2SiO2), 
and leucite (K2O·Al2O3·4SiO2) were formed as a consequence of reactions between alkali 
metals and the refractory bricks. The formation of these phases causes volume expansions of 
between 20 and 25% in the brick materials, which accelerate degradation. 

1. Introduction 
The hot manufacturing processes of making and shaping different metals would not be 
possible without refractories, which are used to protect furnaces and equipment against 
thermal, mechanical and chemical degradation mechanisms. In 2008, 42 Mt of refractories 
were produced globally [1]. Most of the refractories produced are based on alumina (Al2O3) 
and silica (SiO2), as these are the most abundant oxides in the lithosphere [2]; they also 
possess good refractory properties, especially in mixtures.  
 
Alumina and silica present in a ratio of 3:2 form the mineral mullite during heat treatment, 
which has favourable refractory properties, i.e. a high melting temperature, low thermal 
expansion coefficient and low thermal conductivity. Mullite was first described by Bowen and 
Grieg in 1924 [3], who also proposed the name according to its rare natural occurrence on the 
Scottish island of Mull. It is a solid solution with a wide variation of composition, however, it 
is commonly expressed stoichiometrically by the oxide formula 3Al2O3·2SiO2 [4]. In 
refractories, mullite often appears as fine-grained needles in a glassy matrix, together with 
alumina and/or silica. However, even though mullite is considered to be an appropriate 
candidate material for refractory liners, there are more determinant parameters that are used to 
evaluate refractory properties: the amount of glassy phase determines e.g. creep behaviour 
[5]; the amount of porosity and purity of the grain boundary phase determines e.g. corrosion 
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resistance [6], and the matching of the coefficient of thermal expansion (CTE) with different 
phases present in the refractory determines the ability to resist e.g. thermal shock [7]. 
 
The main consumer of refractories is the iron and steel industry. Iron ore is still one of our 
most important natural resources with ~1.600 Mt mined globally in 2010 [8]. Mined iron ore 
can be used directly as lump ore, or converted to e.g. pellets, to be reduced either by direct 
reduction or in a blast furnace. During pelletising of iron ore, the ore is first crushed into a 
powder, mixed with additives and a binder, and rolled into green balls (9-15 mm in diameter) 
that are sintered to pellets in a furnace [9]. The grate-kiln process can be used to achieve the 
required induration in the pellets, where the grate is a roaster furnace and the kiln is a rotating 
furnace. This system combines the advantages of the travelling grate and a rotary kiln. When 
the burden is in the form of magnetite, the rotary kiln achieves more uniform oxidation [10].  
 
Rotary kilns were developed for the production of Portland cement during the late 19th 
century. Besides cement production, rotary kilns are used for drying or sintering in many 
different applications, e.g. lime regeneration, heat treatment of hazardous waste, or refinement 
and processing of raw minerals, such as iron ore. Kiln design varies with application [11]. A 
typical rotary kiln, used in iron ore pellet production, can have a length of 40 m, a diameter of 
7 m, and is fired by coal or natural gas. The refractory lining comprises bricks, most often 
based on Al2O3 and SiO2. Such bricks deteriorate in use by a variety of mechanisms and must 
be replaced regularly. Alkali metal oxides and salts are known to act corrosively on the lining, 
even when present in small concentrations [12, 13]. Thermal shock at starts and stops in 
operation together with mechanical strain may cause urgent stops in production, as bricks fall 
out [14]. Different Al2O3 concentrations in the refractories are used at different production 
sites and at different positions in the kilns. Sometimes concentrations as high as 90% are used, 
to increase the refractive properties of the bricks; then to avoid thermal spalling, the porosity 
is increased, which can lead to higher infiltration. The increased price of raising the Al2O3 
concentration in the liner is also a determinant parameter. 
 
The Swedish mining company LKAB (Loussavaara Kiirunavaara Limited) uses the grate-kiln 
process in four of their six pellet plants. These kilns are lined with chamotte-based refractory 
bricks in the first third of their length, while a bauxite-based brick (with a higher alumina 
content) is used in the hotter remainder of the kiln. The two types of refractory brick studied 
are made from a basis of chamotte and bauxite. Mullite (3Al2O3·2SiO2) and corundum 
(Al2O3) are formed when the bricks are manufactured; they also contain traces of cristobalite, 
quartz (both SiO2), and oxides of Ca, Fe, Ti and alkali metals. However, the chemical 
composition in the bricks varies slightly between production batches, as do the concentrations 
of phases present. However, by knowing the approximate chemical compositions of the bricks 
and the deposit material, the phases and minerals that originate from the original brick can be 
distinguished from those that evolve during the experiments carried out in this study. 
 
Earlier laboratory scale based studies [15], found no pronounced reaction between the 
bauxite-based refractory material and the deposit material that accumulates in chunks on the 
refractory lining in the industrial kiln. However, the kinetics of degradation mechanisms in 
the refractories could be accelerated on the laboratory scale by adding Na2CO3. It was also 
observed that potassium is more reactive with the bricks than sodium [16], which justifies 
further studies with potassium additions. Azarenkova et al. [17] reported that Fe2O3 (hematite) 
enhances the reaction between mullite and alkali, which justifies the presence of Fe2O3 in the 
present study. The objective of this study was therefore to compare the infiltration depths of 
Na, K and hematite in the refractory bricks and their influence on the degradation process. 
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Hematite in the form of deposit material was chosen to achieve similar conditions to those in 
an industrial kiln. In this paper, we report on studies of reactions occurring between refractory 
bricks and deposit material carried out on the laboratory scale. 

2. Experimental procedure 

2.1. Materials 
The refractory materials used in the experiments were obtained from Höganäs Bjuf AB, 
(Bjuv, Sweden) in the form of bricks, which were machined to appropriate sizes for reaction 
tests in the laboratory scale furnace. For differential scanning calorimetry (DSC) and x-ray 
diffraction (XRD) analysis (see below), they were milled into a powder using a rod milling 
technique. Two different brick types were used; one was produced from a base of bauxite, the 
other from a base of chamotte. The chemical compositions of these bricks (according to data 
from the manufacturer) are shown in Table 1, represented as the most stable oxides. 
 
Table 1. Nominal chemical compositions (wt%) of two commercial refractory bricks used in the experiments, 
based on manufacturer’s data. 
 

 Bauxite-based brick Chamotte-based brick 
Al2O3 
 

~73 ~58 

SiO2 
 

~26 ~36 

CaO 
 

0.2 0.3 

TiO2 
 

2.7 2.1 

Fe2O3 
 

1.1 1.4 

Alkalis 
 

0.3 1.3 

 
The deposit material used in this study was collected from the outlet of a production kiln 
located in Kiruna, Sweden (labelled KK2), during a production stop (October 16, 2007). The 
compositions of the deposit material are shown below. The additives used were K2CO3 and 
Na2CO3 (both from Merck, 99.9 wt% purity). 

2.2. Heat treatment 
Three similar powder mixtures of equal amounts (by weight) of milled brick (bauxite-based) 
and deposit material, with an addition of 5 wt% K2CO3, were heat treated in air at 700, 1150 
and 1350ºC (using a heating rate of 10 K/min, and a cooling rate of 20 K/min). These 
powders were subsequently analysed by XRD. 
 
Refractory bricks (in as received condition) were machined to 125x50x20 mm and heat 
treated in a laboratory furnace with 5 g of milled deposit material in two mounds on their 
surfaces (containing 10 wt% each of Na2CO3 and K2CO3). These samples were heat treated 
for 24 hours at 1350ºC using a heating rate of 10 K/min. Subsequently the samples were 
sectioned to facilitate further investigation. Selected surfaces were polished prior to 
microscopical analysis. 

2.3. Chemical analysis of deposit material 
Chemical analysis of the deposit material was performed by x-ray fluorescence spectroscopy 
(XRF) in a PANalytical MagiX instrument using rhodium x-ray radiation, proportional flow 
counters for Na, Mg and Al, and a scintillation counter for all other elements. Prior to 
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analysis, the sample was formed into a fused bead using a Herzog HAG 12 inductive fusion 
machine. The different valence states of iron (Fe2+ and Fe3+) were differentiated using a 
titration method with potassium dichromate (ISO 9035). These analyses were performed at 
LKAB, Malmberget, Sweden. 

2.4. Differential scanning calorimetry 
Differential scanning calorimetry / thermal gravimetry (DSC/TG) experiments were carried 
out in an alumina-lined Pt-Rh furnace (Netzsch STA 449C Jupiter) equipped with a mass 
spectrometer (Netzsch Aeolos QMS 403C) through a heated (200ºC) glass capillary transfer 
line. The study was performed using powder mixtures in alumina crucibles between room 
temperature and 1350ºC, with a heating rate of 10 K/min in an air atmosphere (21% O2 and 
79% N2). The sample contained a powder mixture of equal amounts of milled brick (bauxite-
based) and deposit material (by weight), with an addition of 5 wt% K2CO3 (similar to the 
mixtures heat treated for XRD). The powder samples were compacted into a pellet by cold 
isostatic pressing (CIP) at 250 MPa prior to insertion into the instrument. 

2.5. Microscopy 
The microstructures of the heat treated brick-slag reaction zones were studied using a Moritex 
MS-500C optical microscope (OM), and a scanning electron microscope equipped with an x-
ray energy dispersive detector (SEM/EDX: JEOL JSM-6460, Oxford instrument, software 
INCA). 

2.6. X-ray diffractometry 
X-ray diffractometry (XRD) was carried out on powders of milled as-fabricated refractory 
bricks, and heat treated powder mixture samples. XRD was also carried out directly on the 
sample surfaces from the solid brick reaction tests, where samples were ground and analysed, 
layer by layer through the reaction zones, as shown in Figure 1. The samples were ground 0.5 
mm each time prior to the following XRD scan, except in the case of the chamotte-based 
brick with potassium addition, which was first ground 0.3 mm and thereafter in intervals of 
0.5 mm. (Scans from intermediate layers in which no changes from previous layer were 
observed are not shown in the results.) All the x-ray diffraction experiments were conducted 
using a Philips x-ray diffractometer (MRD), using Cu Kα radiation (40kV; 45mA). The 
diffractograms were obtained over a 2θ interval between 10 and 90º. 
  

 
Figure 1. Schematic of layer by layer scanning of solid brick samples by x-rays and recording of 
diffractograms. 
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3. Results 

3.1. XRD of brick material 
The x-ray diffractogram (not shown) from the as-fabricated brick material indicated that the 
bricks consisted predominantly of mullite and corundum, with traces of cristobalite and 
quartz. The other phases present were below the detection limit of the apparatus, or were 
amorphous. 
 

3.2. Chemical analysis of deposit material 
Chemical analysis of the deposit material collected in the industrial kiln, and used in the 
experiments, was carried out by XRF. Results are shown in Table 2. 
 
Table 2. Composition of deposit material (wt%) collected from the outlet of a production kiln (KK2), shown as 
the most stable oxides.  

Fe2O3 Fe3O4 SiO2 Al2O3 MgO CaO TiO2 Na2O K2O V2O5 MnO P2O5 
89.2 0.91 5.41 2.43 0.60 0.58 0.23 <0.05 0.16 0.17 0.06 0.12 

 
As seen in Table 2, the deposit material is dominated by iron oxide, silicon oxide, and 
aluminium oxide, with traces of other oxides. 

3.3. Reaction tests with powders  
Figure 2 shows the DSC and TG thermograms for a powder mixture of equal amounts (by 
weight) of milled brick and deposit material with the addition of 5 wt% K2CO3. The TG 
response (dashed line) shows a total mass loss of 1.8% between room temperature and 
1350°C. The sample first gains 0.3% in mass up to 80°C as a result of buoyancy effect. 
Subsequently, mass loss occurs continuously between 110 and 910°C, being most pronounced 
between 110 and 170ºC, and between 650 and 910ºC. The DSC response (solid line) shows an 
endothermic peak at 910°C. In-situ mass spectrometry shows emission of water and CO2 at 
115°C, and emission of CO2 between 500 and 800°C; both corresponding to mass losses. 
 

 
Figure 2. DSC and TG thermograms of a heated powder mixture of equal amounts 
of brick and deposit material, with an addition of 5 wt% K2CO3 heated to 1350ºC. 
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Figure 3 shows diffractograms from similar powder mixtures (equal amounts of brick and 
deposit material, with an addition of 5 wt% K2CO3), heat treated in an air atmosphere at 700, 
1150 and 1350ºC, in order to clarify the reactions observed during thermal analysis. 
 

 
Figure 3. Diffractograms of heated powder mixtures of equal amounts of brick and deposit 
material denoted KK2, with an addition of 5 wt% of K2CO3, heated in air to 700, 1150 and 1350ºC. 

 
The XRD results showed that kalsilite (K2O·Al2O3·2SiO2) forms between 700 and 1150ºC. 
The experiment performed with a sample heated to 1350ºC showed that the amount of 
kalsilite decreased; instead leucite (K2O·Al2O3·4SiO2) is formed. All other peaks correspond 
to phases present in the deposit material (hematite), and brick material (corundum, quartz and 
mullite), except the unmarked peak at 44.5º, which corresponds to the aluminium sample 
holder. 
 

3.4. Reaction tests with solid brick material 
Figure 4 shows an image from the reaction test using the solid brick (chamotte-based) with 
milled deposit material placed in mounds on it. It can be seen that a more pronounced reaction 
took part in the mound containing the sodium addition, than that containing the addition of 
potassium. A higher concentration of liquid phase had been present in the mound containing 
sodium, while the mound with potassium remained mainly in the solid form. Whit the sodium 
addition, the reaction zone migrated into the brick, whereas only a minor amount of material 
from the mound with potassium penetrated the brick (the sintered mound could easily be 
removed from the brick). This was the case for both brick types. 
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Figure 4. Chamotte-based brick after the solid brick reaction test. 

3.4.1. Bauxite-based brick: reaction with sodium-doped deposit material 
The deposit material containing sodium was more reactive than that containing potassium: the 
visual corroded layer was 3.5 mm, as seen in Figure 5. XRD scans carried out at depths of 0, 
1.5, 2.5, and 3.5 mm in the brick are shown in Figure 6. A summary of the phases present at 
different depths from the different tests is given in Table 3. 
 

  
Figure 5. Optical micrograph showing the reaction 
zone from the solid brick reaction test with the 
bauxite-based brick and sodium-doped deposit 
material. 

Figure 6. Diffractograms obtained from surfaces 
ground and polished to various depths in the bauxite-
based refractory brick. 

 
Figure 7(a), which corresponds to the area marked “a” in Fig. 5, shows hematite grains 
(marked H) with sizes from ~10 µm to above 100 µm, which remained on the newly formed 
deposit/refractory interface in a distinct front. Grains of alumina, with dimensions that 
decreased towards the interaction zone, were depleted in titanium. Instead titanium, together 



 8 

with iron oxide, form shells on these grains, marked with small white arrows. Some hematite 
grains have varying concentrations of aluminium and titanium, and therefore a variation in 
brightness resulting from the composition contrast of the back scattered signal. The black 
arrow shows such a grain. Figure 7(b), which corresponds to the area marked “b” in Fig. 5, 
shows grains of mullite (marked M) and corundum (marked C) deeper in the brick. 
 

  
Figure 7. SEM micrographs, showing (a) the interaction zone between refractory and deposit, and (b) mullite and 
corundum grains deeper in the refractory brick. H=hematite, C=corundum, M=mullite. 

3.4.2. Bauxite-based brick: reaction with potassium-doped deposit material 
Little reaction between the deposit material containing potassium and the brick material was 
observed, in comparison with the test comprising sodium; the visual corroded layer was only 
~0.2 mm in thickness, as seen in Figure 8. XRD scans carried out at depths of 0, 0.5 and 1 
mm in the refractory brick are shown in Figure 9.  
 

  
Figure 8. Optical micrograph showing the reaction 
zone from the solid brick reaction test with the 
bauxite-based brick and potassium-doped deposit 
material. 

Figure 9. Diffractograms obtained from surfaces 
ground and polished to various depths in the bauxite-
based refractory brick. 

 
Figure 10(a) shows how voids are filled with a silica-potassium glass (marked with arrows), 
which at some locations penetrated the brick to a depth of ~0.5 mm. These fill-ups of voids 
were also observed as protrusions of the corroded layer (close to “a” in Fig. 8). Moreover, the 
penetration front of potassium causes the formation of secondary mullite from primary 
mullite, marked with a rectangle in Fig. 10(a), and shown with a higher magnification in 
Figure 10(b), (secondary mullite marked S, primary mullite marked P). 



 9 

 

  
Figure 10. SEM micrographs, showing (a) how voids in the refractory brick are filled with a silica-potassium 
glass (marked with arrows), and (b) how secondary mullite is formed. P=primary mullite, S=secondary mullite. 

3.4.3. Chamotte-based brick: reaction with sodium-doped deposit material 
The deposit material containing sodium was more reactive than that doped with potassium, 
and the visual corroded layer was 2.5 mm, shown in Figure 11. XRD scans carried out at 
depths 0, 0.3, 1.3 and 2.3 mm in the refractory brick are shown in Figure 12.  
 

  
Figure 11. Optical micrograph showing the reaction 
zone from the solid brick reaction test with the 
chamotte-based brick and sodium-doped deposit 
material. 

Figure 12. Diffractograms obtained from surfaces 
ground and polished to various depths in the chamotte-
based refractory brick. 

 
Figure 13(a) shows hematite grains (marked H) with sizes ~50 µm that remain on the newly 
formed deposit/refractory interface in a distinct front. Figure 13(b) shows how fine grained 
hematite (~2 µm, marked with small arrows) has migrated into the bulk of the refractory 
brick, and is found together with mullite rods (marked M).  
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Figure 13. SEM micrographs, showing (a) hematite grains with sizes ~50 µm that remain on the refractory 
surface in a distinct front, while (b) shows how fine grained hematite, ( ~2 µm) has migrated into the bulk of the 
refractory brick. H=hematite, M=mullite. 

3.4.4. Chamotte-based brick: reaction with potassium-doped deposit material 
The deposit material containing potassium reacted little with the brick material, compared 
with the test using sodium; the visual corroded layer was just ~0.2 mm in thickness, as seen in 
Figure 14. XRD scans carried out at depths of 0, 0.5 and 1 mm in the refractory brick are 
shown in Figure 15. 
 

  
Figure 14. Optical micrograph showing the reaction 
zone from the solid brick reaction test with the 
chamotte-based brick and potassium-doped deposit 
material. 

Figure 15. Diffractograms obtained from surfaces 
ground and polished to various depths in the chamotte-
based refractory brick. 

 
The SEM micrograph in Figure 16(a) was taken just beneath the deposit/refractory brick 
interface. In this brick, the migration front of potassium was evenly distributed: voids filled 
with liquid were not observed (possibly because of the lower porosity of this brick). 
Potassium migrates by solid state diffusion along grain boundaries and through the glassy 
phase, and its presence transforms the primary mullite to secondary mullite. Behind this front, 
kaliophilite and leucite are formed; however, most of the potassium is found in the glassy 
phase. The grains are marked: P (primary mullite); S (secondary mullite); C (corundum) and 
K (kaliophilite). Arrows close to the surface mark precipitation of hematite in the refractory 
brick. The SEM micrograph in Figure 16(b) shows the formation of secondary mullite in the 
brick. 
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Figure 16. SEM micrographs showing (a) formation of secondary mullite and kaliophilite in the refractory brick, 
and (b) formation of secondary mullite in the refractory brick. Arrows mark precipitated hematite. 
K=Kaliophilite, C=corundum, P=primary mullite, S=secondary mullite. 
 
Table 3 summarises the phases present at different depths in both brick types, in the presence 
of sodium and potassium. Abbreviations are used as follows: C (corundum); M (mullite); H 
(hematite); N (nepheline); K (kaliophilite); L (leucite) and A (amorphous). Results from 
intermediate layers where no changes from previous layer were detected, are not shown. 
 
Table 3. Phases determined by XRD at different depths in both brick types. Abbreviations are used as follows: C 
(corundum); M (mullite); H (hematite); N (nepheline); K (kaliophilite); L (leucite) and A (amorphous). 
Depth [mm] Bauxite with Na Bauxite with K Chamotte with Na* Chamotte with K 
0 C, H, N C, H, K, A C, H, N, A C, H, K, L, A 
0.5 - C, M, K, A C, H, N, A C, M, K, L 
1 - C, M, K, A - C, M, A 
1.5 C, H, N - C, M, H, N, A - 
2 - - - - 
2.5 C, M - C, M, A - 
3 - - - - 
3.5 C, M - - - 
(*) All observations at a depth 0.2 mm less than indicated in the Table, see text. 

4. Discussion 
This paper deals with high temperature reactions and infiltration mechanisms of components 
from deposit materials into mullite-corundum bricks based upon a laboratory-scale study. The 
effect of potassium and sodium are observed to be distinctly different, even if they both often 
are generalised as alkalis.  
 
The presence of Na2CO3 in the deposit material leads to the formation of a smelted phase. The 
effect of the presence of K2CO3 in the deposit material is that the deposit material maintains a 
solid form. Further, in the presence of sodium, hematite from the deposit material migrates 
into the partially dissolved brick material to a depth of several mm. In the presence of 
potassium, little of the hematite in the deposit material penetrates the brick surface, while 
potassium penetrates the brick to a depth of approx. 1 mm. However, sodium-feldspathoid 
(nepheline) is only found in the corroded layer accompanied with hematite, while potassium-
feldspathoids (kaliophilite and leucite) are found beneath the corroded layer in the refractory 
brick. This is in agreement with Narita et al. [18] who observed that potassium was found in 
concentrations five times as high in the fireclay based refractory lining of a blast furnace 
(which is comparable in composition with the chamotte-based refractory brick used in this 
study). It appears that while potassium penetrates deeply into the uncorroded refractory bricks 
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(mainly by capillary infiltration and solid state diffusion along grain boundaries and through a 
glassy phase) and reacts with mullite and corundum, sodium only reacts with the refractory 
brick (mainly in its liquid state), in a more aggravating manner at the refractory surface. 
 
In the reaction tests with powders, kalsilite forms between 700 and 1150ºC. Kalsilite is 
partially depleted at 1350ºC, to the benefit of leucite (K2O·Al2O3·4SiO2); which forms in 
larger concentrations than kalsilite. Scudeller et al. [19] 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; at longer times and depending on the SiO2 available, leucite 
(K2O·Al2O3·4SiO2) is formed. Moreover, Zhang et al. [20] observed the activation energy for 
kalsilite crystallisation to be 103 kJ/mol, while 125 kJ/mol was observed for leucite, which 
further explains why kalsilite forms first.  
 
Secondary mullite in a glassy phase is formed from primary mullite at a depth of ~300 µm in 
both the bauxite-based- and the chamotte-based brick, in contact with potassium. At a depth 
of 500 µm, kaliophilite co-exists with the mullite in both brick types. The observation of 
secondary mullite in needle-like formations in an alkali rich glass is in agreement with earlier 
observations. Lundin [21] and Schüller [22] first described two different types of mullite of 
different morphology from studies of porcelain. On the laboratory scale it was observed by 
Iqbal and Lee [23-25] that primary mullite was first formed in an amorphous silica glass from 
heated mixtures of clays, silica sand and potash feldspar, while the alumina richer secondary 
mullite started to grow from primary mullite in needle shaped formations, in the presence of 
an amorphous alkali-aluminosilicate. The formation of secondary mullite from primary 
mullite has also been observed in studies of refractory bricks used in an industrial scale rotary 
kiln [13]. Moreover, Schüller [22] observed that formation of secondary mullite was affected 
by the presence of potash feldspar and silica, and in contrast to this, soda feldspar caused the 
same action at higher temperatures.  
 
It can be assumed, that the transformation of primary mullite to secondary mullite precedes 
the transformation to kaliophilite, which is likely to be the phase seen as small needles above 
the secondary mullite in the SEM micrograph in Fig. 16(a). The disintegration of mullite that 
results in the formation of feldspathoid minerals is associated with a volume expansion, 
observed previously by dilatometry [15], which can cause spallation by alkali bursting of the 
refractory lining. The formation of alkali metal containing phases causes volume expansions 
of between 20 and 25% in the brick materials, which accelerate degradation. Therefore, the 
formation of secondary mullite, caused by the presence of potassium around the aggregates of 
primary mullite in the refractories studied, is a degrading mechanism that finally promotes 
corrosion of the refractories. However, minor formations of feldspathoid minerals may create 
a dense layer that prevents degradation under certain conditions [16]. 
 
Kalsilite only formed in the reaction test with powders - kaliophilite (the cubic form of 
kalsilite) was instead formed in the solid brick reaction tests when potassium was involved. 
Also notable is an increased amount of leucite compared with kalsilite/kaliophilite, which is 
formed in the experiments using powders, compared with solid brick reaction tests. One 
explanation could be that as the powders are milled, the reaction paths are minimised 
compared with reactions with solid bricks. Moreover, leucite and kaliophilite are formed in 
the chamotte-based brick (in reaction tests with solid bricks), whilst only kaliophilite is 
formed in the bauxite-based brick. The higher amount of Si in the chamotte-based brick 
enables this leucite formation. The amorphous signal in diffractograms recorded from several 
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samples, corresponds to a glassy phase and/or the epoxy resin in which the sample is 
mounted. 
 
Grains of hematite with dimensions between 10 and100 µm remain on the original interface 
between the brick and deposit material in the presence of potassium. Sodium dissolves the 
surface of the brick, causing the reaction zone to migrate to a depth of ~3 mm in both type of 
bricks, and consequently grains of hematite migrate to that depth. However, micrometre sized 
hematite is to some extent found deeper in the refractory brick material, beneath the newly 
created reaction zone. It is not clear if this fine grained hematite has migrated into the brick 
material in its form as these grains, or if, which is more likely, it has diffused in the glassy 
phase as iron ions/atoms, and precipitated deeper in the brick as these grains. With similar 
materials it has also been observed previously, both in an industrial rotary kiln [13] and on the 
laboratory scale [15, 16] that most of the hematite remains at the interface between the 
refractory brick and the deposit. However, it was also observed that hematite may migrate 
into the refractory brick, especially by capillary flow through voids, cracks, and brick joints, 
supported by the presence of alkali metals.  
 
TiO2 is present in both type of bricks in concentrations around 2 wt%, mainly found together 
with corundum grains in as-fabricated bricks. It is shown in Fig 7(a) how the titanium 
segregates from alumina, and instead forms a solid solution with iron oxide. This 
phenomenon has been observed previously [13, 16], and may be explained by the fact that just 
a few percent aluminium ions can enter the TiO2 lattice (at temperatures between ~1000ºC 
and ~1800ºC), while Al2O3 does not dissolve titanium ions at all [26]. 
 
Migration of alkali metals primary occurs through pores, a glassy phase and grain boundaries, 
and is observed to act corrosively on the refractory bricks. Addition of zircon (ZrSiO4) to the 
binder phase appears to be a promising way to prevent corrosive mechanisms, both with 
mullite-based refractories exposed to alkali vapours [6] and with MgO-spinel refractories 
exposed to cement clinker [27]. It has also been used in zircon-zirconia composites, to make 
the ceramic composite denser [28]. A suggestion for further work is to evaluate the effect of 
zirconia addition to the refractories in this application. 

5. Conclusions 
The results of the reaction tests using powders allow the following conclusions to be drawn: 

• Kalsilite forms from mullite between 700 and 1150ºC. 
• Between 1150 and 1350ºC the amount of kalsilite decreases, and instead leucite is 

formed. 
 
The results of reaction tests with solid bricks and powders allow the following conclusions to 
be drawn: 

• Nepheline is formed in the corroded layer of the refractory brick, while potassium 
feldspathoids are found deeper in the solid brick. 

• Deposit material melts in presence of sodium, but sinters in presence of potassium. 
• Sodium acts in a more aggressive manner than potassium at the surface of the 

refractory bricks, while potassium penetrates deeper into the uncorroded refractory 
bricks, and in much higher concentrations than sodium. 

• Kaliophilite, the cubic form of kalsilite, is only formed in the solid brick reaction tests. 
• Secondary mullite and an increased amount of glassy phase are formed as a transition 

phase, prior to the formation of feldspathoid minerals. 
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• The formation of alkali metal containing phases causes volume expansions of between 
20 and 25% in the brick materials, which accelerate degradation. 
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Abstract

Changes, over a period of 8 years, in the chemical composition and morphology of deposit and lining materials in a production rotary kiln for iron ore
pellet manufacture are described. The following have been studied: two types of refractory brick used as lining material; deposited chunk materials
from the lining; the interaction zones between deposits and linings. Morphological changes at the deposit/lining interface, and the active chemical
reactions, are established. Larger hematite grains in the deposit material (5–50 �m) primarily remain at the original deposit/lining interface. The
remainder penetrates fissures, voids and brick joints, forms a laminar structure with corundum from the bricks, and migrates in grains in the lining
material. Potassium penetrates more deeply into the bricks than hematite, resulting in the formation of kalsilite, leucite and potassium �-alumina,
which contribute to degradation of the lining.
© 2012 Elsevier Ltd. All rights reserved.

Keywords: B. Electron microscopy; C. Corrosion; D. Al2O3; D. Mullite; E. Refractories

1.  Introduction

The pelletising of iron ore as a burden material for blast fur-
naces has been used commercially since the early 1950s. Two
main processes are used today during such production: the trav-
elling grate and the grate-kiln process.1 In the grate-kiln process,
which is studied here, the grate is a pre-heater and the kiln is
a rotating furnace lined with refractory bricks. The refractory
lining degrades over time through exposure to high temper-
atures and a corrosive environment, requiring replacement at
regular intervals. Degradation mechanisms in rotary kilns are
complex since several different mechanisms operate simultane-
ously. The main source of degradation is residue from pellet
production which together with fly ash from coal burned to heat
the kiln, forms deposits on the lining that accumulate in chunks.2

Fig. 1 shows such deposits in the kiln studied in this work (KK2,
Loussavaara Kiirunavaara Limited (LKAB), Kiruna, Sweden),

∗ Corresponding author. Tel.: +46 920 224705.
E-mail address: jessje@ltu.se (J. Stjernberg).

observed during a production stop. Adhesion of deposits on the
refractories has also been observed at other iron ore pellet pro-
duction sites and in different types of kiln; which appears to be
related to the quality and composition of the burner fuel used.3

The formation and location of the deposits in the kiln varies,
but in general, there is more deposition of material in the warmer
zone closest to the burner. The deposition can reach a thickness
up to 30 cm; with peaks protruding like stalactites, with lengths
up to 1 m. However, some zones in the kiln can be without any
deposition. A thin layer of deposition is considered protective,
as it insulates and lowers the liner temperature, and is protective
against wear. When this layer grows too thick, mechanical action
occasionally causes fallout of heavy chunk formations that can
cause exfoliation of the lining, creating a new hot face where
pellet residues and fly ash once again come into contact with
fresh lining material, and are able to deposit in chunks.

The kiln studied here rotates clockwise (observed from the
outlet) at approx. 2 rpm, and is tilted 3◦ to the horizontal plane
such that the pellets travel more easily towards its outlet, through
a helical movement. Fig. 2 shows the design of the kiln. It has
a length of 33.2 m, and an inner diameter of 5.64 m at the inlet

0955-2219/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2012.01.012
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Fig. 1. Photo showing deposits in the kiln KK2, Kiruna, Sweden, June 2010.
The white arrow in the image marks the brick width, which is 17.5 cm.

(where the feed enters) and 5.04 m at the outlet (dimensions
in the drawing are the outer diameter of the refractories at the
steel shell). A burner is located at the outlet of the kiln. It is
primarily fuelled with coal, but oil is used at start-ups and if
problems in the feed of coal arise. The length of the flame and
the location of the hot spot formed vary with the fuel used.
This can cause thermomechanical tensile stresses in the lining,
resulting in thermally induced lining spallation.4 A scheduled
production stop of the kiln takes place once a year, to remove
deposits and replace depleted refractory bricks. The removal of
these deposits causes abrasive wear that also degrades the lining.

The temperatures at the hot face of the lining are estimated
to be: at the outlet ∼1250 ◦C; at the burner zone where the
flame heats the most (around 10–15 m from the outlet, varies
with fuel and operative conditions) ∼1350 ◦C; and at the inlet
∼1200 ◦C. However, these numbers are often only valid at start-
ups of the plant. As soon as material adheres to the surface, the
surface-lining temperature might be lowered several hundreds
of degrees, as deposits act to protect against heat.

The two types of refractory brick used in the kiln studied
are made from a basis of chamotte (installed in the first third of
the kiln where lower temperatures are encountered) and bauxite
(in the remainder of the kiln where temperatures may exceed
1400 ◦C). Mullite (3Al2O3·2SiO2) and corundum (Al2O3) are
formed during manufacture of the bricks. The chemical compo-
sition in the bricks varies slightly between production batches,
resulting in variations in the phases that form during service.
It can therefore be difficult to compare as-fabricated bricks
with bricks that have been in use for some time. However, by

knowing the approximate chemical compositions of the bricks
and the deposit material, the phases and minerals associated with
the original liner can be distinguished from those that evolve
during use.

The dominant constituents in both types of brick are alumina
(Al2O3) and silica (SiO2), with traces of other oxides. Al2O3
and SiO2, present in a ratio of 3:2, form the mineral mullite dur-
ing heat treatment, which has appropriate refractory properties,
i.e. a high melting temperature, low thermal expansion coeffi-
cient and low thermal conductivity. Mullite is a solid solution
described stoichiometrically as Al4+2xSi2−2xO10−x, where x is
the number of oxygen vacancies which varies between 0.2 and
0.9. However, mullite is more commonly expressed stoichio-
metrically by the oxide formula 3Al2O3·2SiO2.5 In addition to
these oxides, TiO2 and CaO are present in lower concentrations
in both types of brick – these oxides are commonly found as
constituents in refractory materials. Traces of Fe2O3, K2O and
Na2O are also present – these accessory oxides were previously
considered unimportant, but are now recognised to be control-
ling factors in the performance of lining materials.6 In addition
to chemical composition, factors such as grain size and porosity
affect the properties and behaviour of a lining material during
use.

Laboratory scale studies of this refractory-deposit system,7,8

indicated that the liners are strongly affected by the presence
of alkalis. However, detailed descriptions of the deterioration
mechanisms acting on the lining of a production kiln are still
not available. An improved understanding of these could help to
increase lifetime through selection of correct brick composition.
The objective of this paper is to provide detailed descriptions of
the reactions occurring at the interface between the bricks and
deposits, based on samples collected from a production kiln.

2. Materials

Table 1 gives the chemical analyses of the bricks used in this
kiln, in terms of the most stable oxides. During manufacturing of
the bricks, mullite and corundum are mainly formed. However,
the bricks also contains traces of other oxides e.g. cristobalite
and quartz. Both types of brick were produced by Höganäs Bjuf
AB (Bjuv, Sweden).

Samples of bricks that had served as refractory liners in a
production kiln, which had deposits adhered to their surfaces,
were collected at different locations in an LKAB production kiln
(KK2), during two production stops, 2 years apart (June 2008
and June 2010).

Fig. 2. Schematic diagram of the KK2 kiln located in Kiruna, Sweden.
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Table 1
Nominal chemical compositions (wt%) of two commercial bricks (manufac-
turer’s data).

Bauxite based brick Chamotte based brick

Al2O3 ∼73 ∼58
SiO2 ∼26 ∼36
CaO 0.2 0.3
TiO2 2.7 2.1
Fe2O3 1.1 1.4
Alkalis 0.3 1.3

Deposits were also collected from an industrial kiln during
two production stops, 4 years apart (May 2006 and June 2010).
Table 2 gives an overview of the samples and analysis methods
used in the present study.

3. Analysis  techniques

The chemical compositions of the deposit materials were
determined by X-ray fluorescence spectroscopy (XRF) using
a PANalytical MagiX instrument (software, SuperQ), calibrated
with certified references. The materials tested were first trans-
formed to fused beads by a Herzog HAG 12 inductive fusion
machine. Analyses were carried out using rhodium X-ray radi-
ation with flow proportional counters for Na, Mg and Al and
a scintillation counter for all other elements over a 2θ  inter-
val between 22◦ and 145◦. The different valance states of iron
(Fe2+ and Fe3+) were differentiated using a titration method with
potassium dichromate (ISO 9035).

X-ray diffractometry (XRD) was carried out using a Philips
X-ray diffractometer (MRD) using Cu K�  radiation. The diffrac-
tograms were recorded over a 2θ  interval between 10◦ and 90◦.
Refractory brick material collected from the production kiln, as
well as refractory brick material in the as-fabricated condition,
were studied. Adhered deposit materials were removed from the
brick liners and the liner material closest to the surfaces (within
1 cm of the lining/deposit interface) and milled to powders prior
to analysis. These samples were compared with as-fabricated
bricks of similar quality, which were also milled to powders.

The interaction zones between the deposits and the liners
were studied using optical and electron microscopy. Selected
interfaces were polished and carbon coated prior to microscopy.
Scanning electron microscopy (SEM) studies were performed
using a JEOL JSM-6460 microscope (INCA software) equipped
with an energy dispersive spectrometer (EDS). All the SEM
micrographs shown were recorded in the back scattered mode,

except EDS mappings. Optical microscopy (OM) studies were
performed using a Moritex MS-500C.

4. Results

4.1.  Deposit  materials

Table 3 shows the chemical composition of the deposit mate-
rial collected at different locations in the kiln studied, on two
occasions 4 years apart. On both occasions, the deposition
had a year of build up since the last production stop. In all
samples collected, the deposited material was dominated by
iron oxides, mainly Fe2O3 (hematite), in concentrations around
95 wt% along the entire length of the kiln. In 2006, K2O and
Na2O were found in comparable concentrations along the kiln
length; however, the concentrations of Na2O are below the detec-
tion limit in all samples collected in 2010. The oxides MgO,
MnO, TiO2, P2O5 and V2O5 all appear in stable concentrations
over time and along the length of the kiln. The concentrations of
sulphur, CaO, Al2O3 and SiO2 vary irregularly along the length
of the kiln.

4.2. Bauxite  based  bricks

4.2.1.  After  14  months  in  service
Fig. 3(a) and (b) shows the lining–deposit interface in a sam-

ple collected 6 m from the outlet of the kiln, where the bauxite
based bricks have served as liners for 14 months. Cracks parallel
to the hot face were observed at this location. In all the cracks
examined some hematite from the deposit material remained on
the lining material as the deposits flaked off, i.e. the deposit
failed cohesively. The hematite dominated deposits seen in the
top of Fig. 3(a) (white grains, marked H) remain on the brick
surface in a distinct front. At some locations they form a laminar
structure with alumina from the brick (corundum grains marked
C), shown with a higher magnification in Fig. 3(b). The white
lamellae comprised iron oxide with ∼1 wt% of aluminium and
∼3 wt% of titanium, while the dark lamellae comprised alu-
minium oxide with ∼1 wt% each of potassium and silicon. Very
little glassy bonding phase exists around the corundum grains
in the lining material.

Diffractograms obtained from a brick sample collected at
this location (not shown) show no evidence of the formation of
new phases with high enough concentrations to be detected with
XRD, compared with an as-fabricated brick. A majority of the

Table 2
Overview of when samples were collected, their locations, and how they were analysed.

Date Service time of liners (months) Sample type Location (distance to outlet [m]) Analyses performed

May 2006 Deposit 0, 10, 20 XRF
June 2008 48 Brick 30 XRD
June 2008 48, 72 Brick/deposit 0, 30 SEM
June 2010 Deposit 0,a 6, 12, 25, 33 XRF
June 2010 14, 72, 96 Brick 6, 12, 25 XRD
June 2010 14, 72, 96 Brick/deposit 6, 12, 25 SEM, OM

a Fig. 1 was obtained at this location on this occasion.
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Table 3
Chemical compositions (wt%) of the deposit materials collected in the production kiln.

Collection year 2006 2006 2006 2010 2010 2010 2010 2010
Distance to outlet (m) 0 10 20 0 6 12 25 33
Fe2O3 90.31 91.55 88.27 94.42 96.66 94.83 90.18 92.49
Fe3O4 2.22 2.22 2.35 0.94 0.76 1.05 3.11 1.41
SiO2 2.93 2.11 3.89 2.60 1.18 2.15 3.31 3.28
Al2O3 0.55 0.54 1.09 0.46 0.20 0.44 0.82 0.83
CaO 0.52 0.37 0.55 0.45 0.23 0.36 1.31 0.75
MgO 0.54 0.48 0.63 0.51 0.52 0.58 0.54 0.55
Na2O 0.138 0.100 0.202 <0.050 <0.050 <0.050 <0.050 <0.050
K2O 0.088 0.072 0.153 0.092 0.028 0.071 0.102 0.097
MnO 0.07 0.07 0.07 0.08 0.08 0.08 0.10 0.08
TiO2 0.21 0.17 0.20 0.19 0.18 0.19 0.19 0.20
V2O5 0.19 0.18 0.17 0.190 0.130 0.180 0.170 0.190
P2O5 0.060 0.046 0.071 0.060 0.023 0.046 0.073 0.073
Total oxides 97.83 97.91 98.38 97.09 97.02 97.07 97.46 97.44
Sulphur 0.0015 0.076 0.0121 0.0127 0.0266 <0.0010 0.0021 0.0034

confirmed peaks correspond to corundum and mullite, including
traces of andalusite (Al2O3·SiO2) and cristobalite (SiO2).

4.2.2. After  4  years  in  service
Fig. 4 shows the lining–deposit interface in a sample collected

from the outlet of the kiln (to the right in Fig. 1), where baux-
ite based bricks have served as liners for 4 years. The hematite
dominated deposit material is seen at the top of the micrograph

Fig. 3. SEM micrographs showing (a) a lining–deposit interface sample, col-
lected 6 m from the outlet of the kiln, June 2010, and (b) a part of the deposit
material in (a) with a higher magnification. H = hematite, C = corundum.

(white grains marked H) forming a distinct interface with the
remaining brick. The white arrows in Fig. 4 mark a crack approx-
imately parallel to the lining–deposit interface. Grains of mullite
are marked M, corundum is marked C. (This convention is used
hereafter.)

Fig. 5(a) and (b) are enlargements of the areas marked
with black and white frames in Fig. 4. Dislodged corundum
grains (the dark grains in Fig. 5(a)), are released by erosion
when the grain boundaries become corroded in the lining,
and migrate into the deposit material surrounded by hematite
grains. Note also the needles of hematite formed closest to
the surface inside the corundum grain (marked with white
arrows in Fig. 5(a)). Hematite and corundum are isomorphous,
and have been observed to form a solid solution at elevated
temperatures.8,9 The finer interlocked mullite structure (marked
I in Fig. 5(b)) loses its interlocking as it transforms to rod-like
crystals (marked II in Fig. 5(b)), around the mullite aggregates.
This is also observed around all other mullite aggregates at this
location. White spots in the micrograph are regions of high
titanium concentration.

Fig. 6(a) shows part of the sample shown in Fig. 4. Elemental
EDS maps of aluminium, silicon, iron, sodium and potassium

Fig. 4. SEM micrograph showing an overview of the interaction zone between
deposit and lining, of a sample collected in the outlet of the kiln, June 2008.
Arrows mark cracks in the lining. H = hematite, C = corundum, M = mullite.
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Fig. 5. SEM micrographs, showing (a) dislodged corundum grains (dark grains)
migrated through the deposit material, and (b) mullite aggregate transformed in
contact with potassium. Note the difference in magnification in the images.
H = hematite, C = corundum, I = primary mullite, II = secondary mullite.

from the same area are shown in Fig. 6(b)–(f). Iron is seen to
remain on the original lining surface. Potassium however, has
migrated deep into the lining, and reacted primarily with mul-
lite, while the reaction with corundum is more moderate. Very
little sodium is detected into the lining material, compared with
potassium.

4.2.3. After  6 years  in  service
Fig. 7(a) and (b) shows the deposit–lining interface in a sam-

ple collected 12 m from the outlet of the kiln, where the bauxite
based bricks have served as liners for 6 years. These two samples
of the same quality, collected at the same time and location in
the kiln, exhibited different properties. In Fig. 7(a), the hematite
dominated deposit material seen in the top of the micrograph
remains on the brick surface in a distinct front. The grains of
hematite in the deposit material have sintered, and increased the
particle-to-particle contact area, which results in grain growth
and a more homogenous layer of hematite. Titanium oxide is
observed as small white grains in the lining. However, a zone of
∼100 �m closest to the deposit material (marked with a white
arrow) is depleted in titanium oxide. In Fig. 7(b) however, migra-
tion of hematite grains through the lining material is seen. The
corundum grains are embedded in a more glassy grain boundary
phase in Fig. 7(a), compared with Fig. 7(b).

Diffractograms obtained from a brick sample collected at this
location (not shown) gave similar results to those for the sample
that had been in service for 14 months i.e. no new phases had
formed.

4.3. Chamotte  based  bricks

4.3.1. After  6  years  in  service
Fig. 8 shows the deposit–lining interface in a sample collected

30 m from the outlet (3 m from inlet) of the kiln, where the
chamotte based bricks have served as liners for 6 years. Deposit
material, dominated by hematite (white grains), is seen in the
top of the micrograph. Hematite grains 5–50 �m in diameter
remained on the lining surface in a distinct front. Corundum
grains were detected in the lining material, together with some
rod-like formations. A zone in which grains from the brick mixed
with hematite grains form a denser layer (∼30 �m thick) than
the more porous deposit material above.

Fig. 9(a) and (b) shows XRD diffractograms recorded from
a sample collected at this location, compared with that recorded
from an as-fabricated brick of similar quality. In Fig. 9(a) a
majority of confirmed peaks correspond to corundum and mul-
lite, including traces of cristobalite and quartz (both SiO2). In
Fig. 9(b) mullite is seen to be almost depleted to an unde-
tectable level, as is SiO2. Instead, new phases have formed,
notably leucite (K2O·Al2O3·4SiO2). Minor peaks in the diffrac-
togram correspond to potassium �-alumina (K2O·11Al2O3) and
kalsilite (K2O·Al2O3·2SiO2); these are phases detected in the
sample but in concentrations less prominent than leucite and
corundum.

4.3.2. After  8  years  in  service
Fig. 10(a)–(d) shows the deposit–lining interface in samples

collected 25 m from the outlet of the kiln, where the chamotte
based bricks have served as liners for 8 years. Hematite is the
dominant phase in the deposit material (dark in the OM micro-
graph and white in SEM micrographs). Fig. 10(a) shows how
material from the deposits has penetrated fissures (arrow to left
in the micrograph) and joints (arrow to right in the micrograph).
Hematite filled joints are 400–800 �m broad while hematite
filled fissures are 100–200 �m in width. Fig. 10(b) shows how
the grains of hematite have started to sinter, resulting in grain
growth and a more homogenous layer of hematite at the interface
(marked with arrows). Clusters of hematite, which have migrated
through the lining, are formed deeper in the lining. These clus-
ters give the lining a reddish colour, Fig. 10(a). The material
in the bonding phase between the hematite grains that migrated
through fissures and joints appears to be of a non-crystalline
morphology (Fig. 10(c) and (d)). This bonding phase exhibits
high concentrations of potassium (above 10 wt%) and sodium
(∼3 wt%), with traces of sulphur and phosphorus.

Diffractograms obtained from a brick sample collected at this
location (not shown) indicated that no new phases had formed
compared with as-fabricated brick. A majority of confirmed
peaks correspond to corundum and mullite, including traces of
cristobalite and quartz (both SiO2).



Please cite this article in press as: Stjernberg J, et al. Extended studies of degradation mechanisms in the refractory lining of a rotary kiln for
iron ore pellet production. J.  Eur.  Ceram.  Soc.  (2012), doi:10.1016/j.jeurceramsoc.2012.01.012

ARTICLE IN PRESS+Model
JECS-8608; No. of Pages 10

6 J. Stjernberg et al. / Journal of the European Ceramic Society xxx (2012) xxx–xxx

Fig. 6. (a) Back scattered SEM micrograph of parts of Fig. 4, and (b) Al, (c) Si, (d) Fe, (e) Na, (f) K shows EDS mappings of the corresponding area.

5.  Discussion

This paper deals with different degradation mechanisms act-
ing on the bricks serving as refractory liners in rotary kilns at
iron ore pellet production. The discussion is presented in terms
of the mechanisms operating.

5.1. Effect  of  potassium  on  the  microstructure  of  the  lining

The effect of potassium on mullite aggregates in the lin-
ing is to cause the aggregates to lose their interlocking form:
the mullite transforms to needle-like formations in the lining
(seen in Fig. 5(b)). These structures are also observed by Iqbal
and Lee,10–12 where primary mullite was produced from clays.
They observed nucleation of primary mullite, with sizes less
than 0.5 �m, while the alumina-richer secondary mullite started
to grow from the primary mullite, in needle shaped formations
with lengths greater than 1 �m, in the presence of an amorphous

alkali-aluminosilicate melt. Schüller13 observed that such for-
mations of needle-like secondary mullite were affected by the
presence of potash feldspar and silica, and in contrast to this,
soda feldspar caused the same action at higher temperatures.

The migrated alkali metal (i.e. potassium) reacts with the
mullite and binds to the acid silicon dioxide, which is released
from the mullite into the glassy phase. Together, they increase
the bulk volume of this phase, so that the larger secondary mullite
grains, richer in alumina, become more mobile. We propose that
this formation of secondary mullite, caused by the presence of
potassium that occurs around the aggregates of primary mullite
in the refractories studied, is a corrosive mechanism that finally
promotes the degradation of the lining.

The effect of potassium penetration into the lining is that new
phases form by reaction with the refractory material. Through
penetration into voids, fissures and brick joints, and by diffusion
along the grain boundaries, the potassium infiltrates the lining
in high concentrations – at some locations to a depth of several
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Fig. 7. (a) and (b) SEM micrographs showing lining–deposit interface of sam-
ples collected 12 m from the outlet of the kiln, June 2010. Arrow marks Ti
depleted zone, H = hematite, C = corundum.

mm. Potassium penetrates more deeply, and in larger amounts,
than sodium in the lining material, even if their oxides (K2O and
Na2O) are present in similar concentrations in collected deposit
materials (0.1–0.2 wt%). This is in agreement with Narita et al.14

who observed that potassium was found in concentrations five
times as high in the fireclay based lining (which is compara-
ble in composition with the chamotte based liner used in this

Fig. 8. SEM micrograph showing a deposit–lining interface sample, collected
30 m from the outlet of the kiln, June 2008. H = hematite, C = corundum.

Fig. 9. (a) Diffractogram recorded on a brick sample that has served as refractory
liner for 6 years in the kiln (collected 3 m from the inlet of the kiln, June 2008)
and (b) diffractogram recorded on a brick sample in its fabricated condition.

study), in a blast furnace. It appears that while potassium pene-
trates deep into the lining and reacts with mullite and corundum,
sodium acts in a more aggravating manner at the hot face, and
probably forms what was observed as a glassy phase in lab-
oratory scale studies.7 Scudeller et al.15 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. With longer times and depending on the availability
of SiO2, leucite (K2O·Al2O3·4SiO2) is formed, which was also
formed in significant concentrations in this study.

Hematite grains remain in their original form, having sharp
edges, unless they sinter. In the laboratory scale studies car-
ried out on the same lining–deposit system with alkali metal
carbonates added as corrosive agents7,8 hematite appeared in
recrystallised needle shaped formations that migrated through
the lining. Alkali metals in concentrations as low as those found
in the kiln do not cause melting and recrystallisation of hematite:
they only promote its infiltration and sintering.

5.2. Penetration  of  iron  oxide  into  lining

It has been observed that larger hematite grains (5–50 �m)
in the deposit material remain primarily at the original
lining–deposit interface. After grinding the ore, 85% of the par-
ticles are of a size below 45 �m,16 and so the hematite particles
can be assumed to be of their original size. However, some of
the hematite penetrates the hot face via fissures, voids and brick
joints, some forms a laminar structure with corundum from the
bricks, and some migrates through the lining and grains, accu-
mulating in clusters deeper in the lining. The driving force for
the migration of hematite into the refractories is mainly capillary
infiltration; where grains of hematite are in the solid state, but
the infiltration is promoted by a viscous glassy phase. However,
at some locations the migration mechanism of hematite could
be diffusive.
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Fig. 10. (a) Optical micrograph showing a deposit–lining interface sample, where the arrow to left marks a fissure and the arrow to right marks a brick joint, (b)
SEM micrograph showing deposit–lining interface where hematite has migrated into the lining, (c and d) SEM micrographs hematite filled fissures. H = hematite,
C = corundum. All samples collected 25 m from the outlet of the kiln, June 2010.

The penetration of deposit material into fissures and joints
acts like a glue in the brick joints, such that the bricks are sintered
together and act as a monolithic lining. This is probably one
of the reasons that the lining could serve as long as 8 years
in one location (collected 25 m from the outlet in June 2010).
Nevertheless, the zone of iron penetration is just a few mm, and
the concentrations of iron containing phases were still too low
to be detected by XRD analysis. However, a high concentration
of cristobalite is still present, which is significant for a brick
that has served as liner for 8 years at a location where fly ash
falls.

5.3. Effect  of  titanium  oxide  on  lining  properties

Titanium oxide inclusions were observed in the bulk of the
liner, Fig. 7(a). However, a zone ∼100 �m in width closest to the
deposit was depleted of these inclusions, possibly by migration
through the lining towards the hematite in the deposit. More-
over, iron oxide and alumina form a laminar structure (as seen
in Fig. 3(b)) where it appears that while potassium diffuses from
the iron oxide into the alumina, titanium migrates from the alu-
mina zone and diffuses into the iron oxide lamella. This might
be the driving force for the formation for this laminar structure.
Separation of titanium from alumina, and instead formation of
a solid solution between titanium and iron oxide, is in agree-
ment with previous work.8 One reason for this is that corundum
does not dissolve titanium in its lattice.17 The separation of tita-
nium oxide from alumina rich regions in the lining, by migration

and diffusion, contributes to an increased exchange of material
between lining and deposit.

5.4. Effect  of  variable  conditions  on  lining  properties

Degradation occurs by different mechanisms at different
locations in the kiln. The outlet of the kiln, where the high alu-
mina bricks serve as liner, is exposed to higher temperatures,
whereas the inlet of the kiln, containing a chamotte based liner,
is exposed to higher alkali concentrations, resulting from the fly
ash from the burner. In addition, the chemical composition of
the as-fabricated liners varies slightly over time from the pro-
ducer. This results in different concentrations of phases forming
in the two lining material samples collected. It is also observed
that the concentrations of different phases and elements in the
bricks, and the degradation mechanisms, vary with time on the
scale of years, as expected with heterogeneous materials such
as refractories.

Even at locations close to each other with similar bricks, large
variations in the degradation process are observed. The sample
collected 30 m from the outlet (in June 2008) had a high con-
centration of feldspathoid minerals, whereas no feldspathoids
were detected in the lining in the sample collected 25 m from
the outlet 2 years later (in June 2010), even though they were
of the same quality and installed on the same occasion (in
2002). XRD reveals that alkali reacts primarily with mullite,
forming feldspathoids, and secondarily with Al2O3, forming
�-Al2O3 which is expected based on previous observations.18

Corundum grains remain more intact than mullite grains, but the
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grain boundaries corrode and the grains migrate into the deposit
material. However, liners with grains embedded in a smaller
amount of glassy bonding phase and which have a higher grain-
to-grain contact area (corundum grains, Figs. 3(a) and 7(b)) are
not able to resist penetration of hematite grains in the brick bulk,
as well as liners with more glassy bonding phase present between
the grains (corundum grains, Fig. 7(a)).

In bauxite based brick collected in the kiln in June 2010,
considerable amounts of andalusite were present. Previous stud-
ies of heat treated andalusite19 showed that grains with sizes
around 5 �m transform completely to mullite within 25 h of a
heat treatment at 1350 ◦C. For larger grains (1500 �m) 60% of
the andalusite transforms to mullite within 100 h at 1350 ◦C.
This indicates that the temperature at the hot face of the lining
at these locations was considerably lower than 1350 ◦C.

Cracking, which can cause spall offs, is observed parallel to
the hot face – in some samples through the deposit material,
and in others through the lining. However, exfoliation during
fall out may also continue through the lining material because
of the strong bonding between deposit and lining. Therefore it
is impossible to ascertain how long analysed liner samples had
been exposed in the hot face. Thick accumulations of deposit that
form rapidly at the surface of the lining at some locations in the
kiln may act as protective thermal insulators and as protection
against alkali from the fly-ash, but they also create mechanical
strains. A fall out of such deposit quickly enhances the temper-
ature of the lining at the new hot face, which may cause thermal
shock and spallation.

5.5.  Summary

The development of degradation mechanisms can here, and
in general, roughly be described by: penetration of the lining
by slags, alkalis or molten metals (wetting followed by capil-
lary infiltration); corrosion (breaking of chemical bonds); and
finally erosion (dislodgement of particles – depletion). Simi-
lar descriptions are reported in secondary steelmaking,20 a lime
regenerating furnace,21 a blast furnace,14 copper production,22

and during the production of stainless steel.23

We propose that vaporised potassium penetrates voids, fis-
sures and brick joints, where it is entrapped by liquids, condenses
and diffuses through the bulk, reacting with the lining material
and nucleating in the brick bulk primarily as feldspathioid min-
erals, and also as �-Al2O3. This is enhanced by sodium, which
lowers eutectic temperatures. Hematite from the deposit material
starts to react with corundum from the brick. One of the driving
forces for this is the exchange of titanium. The brick degra-
dation is caused by concurrently active processes of chemical
reactions and migration of grains from the refractory lining into
the deposit material and vice versa.

6. Conclusions

• Potassium penetrates the surface of liner bricks in much
higher concentration than sodium, to a depth of several mm.

• The presence of potassium causes the formation of secondary
mullite around the aggregates of primary mullite, which is a
corrosive mechanism that promotes degradation of the lining.

• Phases such as kalsilite, leucite and potassium �-alumina
are formed, as a consequence of potassium migration, which
contribute to the degradation of the lining.

• Grains of hematite with sizes between 5 and 50 �m remain pri-
marily at the original interface between the lining and deposit
material.

• Some hematite penetrates fissures/cracks, voids and brick
joints, some forms a laminar structure with corundum from
the bricks, and some migrates in grains, or clustered grains
through the lining material.

• Exchange of titanium oxide from the lining into the deposit
material is one of the driving forces that creates a larger con-
tact area between lining and deposit at the hot face, affecting
degradation.

• Degradation is non-uniform along the kiln, although the
trends above are observed.

• Degradation is caused by simultaneous chemical reactions,
finally resulting in the migration of eroded grains from the
lining into the deposit material.
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Build-up of deposit material in chunks on refractory linings caused by combustion of various 
fuels is a well-known problem. This study characterizes the short-term deposits on refractory 
material in a grate-kiln process, carried out through in situ measurements using a water cooled 
probe with a part of a refractory brick mounted in its end. Sampling was carried out during 
combustion of both oil and coal. A significant difference in deposition rates was observed; 
deposition during oil firing was negligible compared with coal firing. Moreover, it was found 
that the prevailing flue-gas direction determines the formation of the deposits, and that inertial 
impaction controls the deposition rate, rather than the chemical composition of deposited 
material. 

1. Introduction 
Iron ore is one of our most important natural resources, with ~1,600 Mt mined 2010 [1]. 
Almost all (98%) of the mined iron ore is used in steelmaking [2]. Mined iron ore can be used 
directly as lump ore, or converted to e.g. pellets, to be reduced either by direct reduction or in 
a blast furnace. During 2010, 25% of mined iron ore was converted into pellets [1]. During 
the pelletizing process the iron ore is first crushed into a powder, mixed with additives and a 
binder, and rolled into green balls (9-15 mm in diameter) that are subsequently sintered to 
pellets in an induration furnace [3]. The two most common processes used for pelletizing 
today are the traveling grate (most often used for hematite (Fe2O3) ores) and the grate-kiln 
process (most often used for magnetite (Fe3O4) ores). The traveling grate process uses a 
stationary bed of pellets, which is transported through the entire process, including zones of 
drying, oxidation, sintering and cooling. The grate-kiln process (which is the focus of this 
work) uses a shorter grate, with part of the oxidation and sintering taking place in the kiln, 
which is a rotating furnace that achieves a more homogenous induration of the pellets [4]. The 
total residence time of the pellets in a grate-kiln furnace is around 30 minutes; it takes another 
40 minutes to travel through the cooler. Times vary from plant to plant, as the dimensions and 
rates differ among plants.  
 
Rotary kilns were developed for production of Portland cement during the late 19th century. 
Besides cement production, rotary kilns are used for drying or sintering in many different 
applications, e.g. lime regenerating or refinement and processing of raw minerals, such as iron 
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ore. Kiln design varies with application [5]. Within pelletizing of iron ore, the kilns are most 
often lined with refractory bricks. A burner is located at the outlet of the kiln and the primary 
fuel is coal. However, fuel oil is used as start-up fuel and when problems with coal supply 
arise.  
 
During production of the iron ore pellets, deposits frequently form on the walls of the 
induration machine, especially in the hot part (end of the grate, kiln and beginning of the 
cooler). Since the deposits may disturb the flow of both gas and pellets through the kiln, 
operational problems that reduce the production rate frequently occur in grate kiln systems. 
Accumulation of deposits causes disturbance in the production of the iron ore pellets since the 
flows are affected by the deposit layer, occasionally causing unscheduled plant shut-downs. 
Furthermore, it has been observed that build-ups of deposits in rotary kilns for iron ore pellet 
production not only causes mechanical strains but degrade the refractory liners over time by 
corrosion [6].  
 
Deposition of particles (fly ash) on walls (called slagging if the material is molten, and 
fouling if the material is dry) is well-known during pulverized coal combustion in power 
plants [7]. The fly ash from coal combustion is produced by two mechanisms, resulting in a 
bimodal particle size distribution [8-13]. The bulk of the mineral matter is transformed into 
large ash particles, 0.5-20 µm in diameter, produced by fusion of mineral matter on the 
surface of the burning char particles. Smaller particles, <0.5 µm in diameter, are produced by 
volatilization and recondensation of a small part of the mineral matter (fume particles). 
Particle deposits are thereafter built up when the fly ash particles hit the walls in the furnace 
by inertial impaction, diffusion of fume, condensation and chemical reactions [7, 14]. Inertial 
impaction is the phenomenon that occurs when a particle with sufficient inertia traverses a gas 
stream line and impacts a surface. This tends to occur where the flow direction changes, and 
depends on target geometry, particle size and density, and gas flow properties [14]. 
Thermophoresis is the phenomenon where particles are transported in a gas as a result of local 
temperature gradients. Under certain conditions, thermophoretic deposition accounts for a 
dominant fraction of the submicron particulate on a surface [14]. Fume particles may adhere 
to, and vapors may condense on refractory linings, and react chemically. Alkali vapors in 
particular are known to cause spallation and corrosion by chemical reactions [15]  
 
Compared with ordinary coal combustion, the situation in a grate-kiln plant is more 
complicated, since in addition to the fly ash, particles from disintegrated iron ore pellets are 
also entrained in the gas flow, which together with the fly ash contribute to the formation of 
deposits. Limited information is available in the literature for this complex system. One 
hypothesis is that the fly ash acts as bonding material between iron ore particles in the 
deposits. 
 
This phenomenon of build-up of deposits on the refractory lining in rotary kilns for iron ore 
pellet production is not limited to coal combustion. Jiang et al. [16] studied the build-up of 
deposits in a rotary kiln for iron pellet production in Hunan, China, using heat produced from 
natural gas. The main build-up of deposits occurred in a ring located 11 m from the outlet of 
the 33 m long kiln. The concentration of phases present in the deposited material varied 
slightly along the length of the kiln, and comprised 82-85% hematite. Other phases present in 
concentrations between 1.5-6% were magnetite, calcium fayalite, magnesium ferrite, quartz 
and a glassy phase. It was also observed that deposits formed more rapidly, and were sintered 
and densified to a greater extent, at elevated temperatures.  
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Furthermore, in-situ sampling has been carried out in a grate-kiln plant for iron ore pellet 
production at Kobe Steel [17]. Particles in the transfer chute between the grate and the kiln 
were collected using a water cooled copper plate. These measurements were performed 
because it was observed that deposition increased when the heat supply to the plant changed 
to coal combustion. With their measuring equipment, they investigated the amount of ash 
adhering to the detection bar, the density of the deposits, coal properties such as fine coal 
particle size, ash content, proportion of pulverized ore in the preheated pellets, and the 
operating conditions such as kiln off-gas temperature. It was observed that even if the same 
type of coal was fired, the amount of deposit varied with operation conditions. The major 
elements in the deposits were Fe, Al and Si [17]. 
 
This paper is the second part of an ongoing study. The overall goal of the work performed in 
our research group (at LTU, LKAB, ETC and UMU) is to investigate the formation of 
deposits during production of iron ore in a grate kiln induration furnace in order to improve 
the understanding of the formation mechanism of the deposits. The results could be used by 
producers of iron ore pellets in order to minimize the formation of deposits and ultimately 
increase the production rate of pelletized iron ore. To address these issues, an experimental 
approach that includes measurements on a full scale grate kiln induration furnace was chosen 
(LKAB (Loussavaara Kiirunavaara Limited) No. 2, Kiruna, Sweden). 
 
In the first part of this work particle formation mechanisms (the first step in deposit 
formation) during production of iron ore pellets were investigated [18]. In this study, particle 
samples were withdrawn from the transfer chute between the grate and the kiln with the help 
of a dilution probe. Independently of fuel (coal or fuel oil) the results show that the particle 
size distribution was tri-modal (as shown in Figure 1). Compared with the other distributions, 
the first mode has relatively high concentrations of alkali metals (Na+K), Cl, S, and P. 
However, it also contains significant amounts of refractory elements (e.g. Si) and Fe. The first 
fragmentation mode mainly comprised Si, Al and Fe, and the second fragmentation mode 
almost entirely Fe, with limited amounts of other metals. From that investigation, we 
concluded that particles < 0.3 µm were produced from mineral matter that had been vaporized 
during combustion of the fuel (coal or fuel oil). The first fragmentation mode has been 
produced from both fly ash particles and iron ore fines. The second fragmentation mode was 
mainly produced from larger iron ore fines entrained in the flue gas but a limited amount of 
fly ash from the coal was also found. The particles in the flue gas were totally dominated by 
iron ore fines since the second fragmentation mode contributed to 99% of the total mass of 
collected particles.  



 4 

 
Figure 1. Schematic of the particle size distributions in the flue gas collected in the transfer chute between the 
grate and the kiln. 
 
In this paper the focus is on the deposition itself. Short-term deposits were collected on un-
cooled refractory plates installed in the transfer chute between the grate and the kiln (the same 
location where the particle samples were taken in the previous paper) [18]. The objectives of 
this study were to characterize the formation of short-term deposits (collected in-situ in a 
grate-kiln process) through determination of the chemical composition and microstructure, to 
obtain information about the deposit formation mechanisms in a grate kiln plant for iron ore 
pelletizing. 

2. Method  

2.1. Description of the grate-kiln plant 
The grate-kiln plant studied was the LKAB No. 2 installation in Kiruna, Sweden. The length 
of the grate furnace is 52.6 m. Wet green pellets are loaded on the traveling grate, which 
brings them through the different drying zones. The grate is divided into four zones: updraft 
drying (UDD), downdraft drying (DDD), temperate preheat zone (TPH), and preheat zone 
(PH). The grate feeds the kiln by discharging pellets in the transfer chute; the pellets descend 
in the kiln as there is a difference in height of ~5m. The kiln rotates clockwise (observed from 
the outlet) at approx. 2 rpm, and is tilted 3º to the horizontal plane such that the pellets travel 
more easily towards its outlet, with a helical movement. It has a length of 33.2 m, and an 
inner diameter of 5.64 m at the inlet (where the feed enters) and 5.04 m at the outlet. The kiln 
is lined with two types of refractory bricks; one based on bauxite, and the other based on 
chamotte. Estimated temperatures in the kiln are ~1200ºC at the inlet, while in the warmer 
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burner-zone temperature may reach ~1400ºC. For more detailed description of the plant, see 
Jonsson et al. [18]. 

2.2. Materials 
Pulverized coal is the major fuel used for combustion in the kiln during normal operation, 
while fuel-oil is used during the start-up of the process and when problems with coal supply 
arise. Experiments were carried out between 17 and 20 May 2010 during firing oil 
combustion and between 13 and 16 September 2010 during pulverized coal combustion. 
However, during sampling carried out with coal combustion, there had recently been a 
maintenance stop in the plant, where all deposit material had been removed from the 
refractory lining and equipment. Moreover, as there can be fluctuations in full-scale industrial 
processes during operation, several samplings were carried out with the deposition probe. A 
summary of operating conditions is shown in Table 1. 
 
          Table 1. Operating conditions during sampling in grate-kiln plant. 

Dates of experiments 17-20 May 2010 13-16 September 2010 
Fuel  Fuel oil Coal 
Type of iron ore pellets KPBA KPBO 
Fuel flow rate (ton/hr)  3 4.3  
Pellet inlet mass flow rate (ton/hr) 410  554  
Pellet outlet mass flow rate (ton/hr) 365 492 

 
Notable is the difference in pellet production rates during the measurement campaign. Less 
exothermal energy was released from the magnetite oxidation, during sampling with fuel oil 
combustion. 
 
KPBA (Kiruna pellet blast furnace acid) is the product name of a blast furnace pellet 
produced in Kiruna, designed for use together with sinter. Quartzite (mainly quartz, SiO2), 
dolomite ((Mg,Ca)CO3) and limestone (mainly calcite, CaCO3) are added to the KPBA pellet, 
in order to act as slag-formers during the iron-making. KPBO (Kiruna pellet blast furnace 
olivine) is an olivine fluxed blast furnace pellet, produced in Kiruna, also with the addition of 
limestone. The olivine used is forsterite (2MgO·SiO2). Moreover, the clay mineral bentonite 
is used as a binder in both types of pellet, because of its high affinity for water. The 
concentration of additives used is 3-3.5%, and the concentration of the binder is 0.5-0.7 % 
[19]. Chemical analyses of fuels used, as well as of pellets produced during sampling, are 
shown in Table 2. During sampling with coal combustion, a mixture of 70% coal A (Clarence 
metropolitan, Australia) and 30% coal B (Bachatsky, Russia) was used. 



 6 

Table 2. Chemical compositions of coal, fuel oil, and two types of iron ore pellet [17]. 
Fuel / Pellets Coal A Coal B Fuel Oil KPBA KPBO 
Proximate analysis (wt%, as received) 
Volatile matter 20.96 18.36 99.877 - - 
Fixed carbon 60.34 65.74 - - - 
Moisture 6.0 9.1 0.1 10.98 11.19 
Ash / Minerals 12.7 6.8 0.023 89.02 88.81 

 
Ultimate analysis (wt%, dry) 
C 74.6 80.7 85.3 - - 
H 3.9 4.2 11.3 - - 
N 1.4 2.1 - - - 
O (by difference) 6.0 5.0 2.7 30.59 30.60 
Cl 0.01 0.02 0.005 <0.002 <0.002 
S 0.33 0.31 0.67 <0.001 <0.001 
Effective heating value 
(MJ/kg) 29.34 31.69 42.07 0.51a 0.51 a 

 
Major mineral matters (wt%, dry) 
Si 3.63 1.99 <0.001 1.22 0.98 
Al 2.14 1.08 0.0008 0.12 0.12 
Fe 0.21 0.4 0.0016 67.21 66.91 
Ca 0.09 0.29 0.0015 0.39 0.33 
K 0.05 0.12 0.0001 0.03 0.03 
Mg 0.03 0.11 0.00027 0.31 0.90 
Mn 0.01 0.01 0.000017 0.06 0.06 
Na 0.01 0.01 0.0023 0.03 0.03 
P 0.05 0.01 <0.0001 0.025 0.025 
Ti 0.07 0.04 0.00003 0.09 0.09 
Ba 0.03 0.01 0.00027 - - 
V - - 0.0009 0.11 0.11 
Ni - - 0.0012 <0.03 <0.03 
Zn - - 0.0002 <0.003 <0.003 
Cu - - 0.00001 <0.001 <0.001 
Cr - - 0.000005 <0.005 <0.01 
      
Key ratios      
Ca/Si 0.02 0.15  0.32 0.34 
Mg/Si 0.008 0.06  0.25 0.92 
Ca/Al 0.04 0.27  3.25 2.75 
Ca/Fe  0.43 0.73    0.006  0.005 
Si/Fe 17.3 5.0  0.02 0.01 
(a) Calculated based on the exothermic energy released from the oxidation of Fe3O4. 

2.3. In-situ sampling 
Sampling was performed in situ through a 3 inch inspection port in a hatch, situated in the 
transfer chute between the grate and the kiln. An adapter was used for docking the Ø 48.3 mm 
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probes (temperature and deposition) in the port. The location of sampling was chosen to be in 
a zone that usually contains much deposit, where an inspection port is available.  

2.3.1. Temperature probe 
The flue-gas temperature was measured using an uncoated 50 µm fine wire thermocouple of 
S-type (Pt and Pt 90%-Rh 10%), inserted in an uncooled hollowed ceramic (Al2O3) holder of 
length 100 mm. This was mounted in a water cooled probe made out of stainless steel 
(EN1.4436). The temperatures were measured on two occasions three days apart (13 and 16 
September, 2010), over periods of 10 minutes each. Figure 2 shows the experimental set up 
for the temperature probe. 
 

 
Figure 2. Experimental set up for temperature probe. 

2.3.2. Deposition probe 
Particles were collected on a refractory brick plate mounted at the end of the deposition probe. 
The last 10 cm of the probe (closest to the brick plate), which was not water cooled, was made 
out of stainless steel (EN1.4835). The remainder of the probe, which was water cooled, was 
made out of stainless steel (EN1.4436). The probe was fully docked during sampling, to a 
depth of 1 m. The temperature was measured in the non-cooled part of the probe (protected 
from radiation), using a 1.5 mm K-type thermocouple. The refractory brick plates were 
machined to sizes 38x47 mm, with a thickness of 5 mm. The type of brick used was produced 
from a basis of chamotte by Höganäs Bjuf AB (Bjuv, Sweden). In terms of the most stable 
oxides, based on data from the producer, the bricks comprised: ~58 wt% Al2O3, ~36 wt% 
SiO2, 2.1 wt% TiO2, 1.4 wt% Fe2O3, 0.3 wt% CaO and 1.3 wt% alkali. Such chemical 
compositions for the refractory liners are normally used in rotary kilns for iron ore pellet 
production. During manufacture of the brick, predominantly mullite and corundum are 
formed. However, the brick also contains traces of other oxides e.g. cristobalite and quartz. 
The brick plates were attached to the probe with an asphalt/silicone based sealant, and 
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thereafter inserted in the furnace for sampling. The brick plates were not weighed before and 
after sampling, as the primary focus was to determine the chemical composition and the 
microstructure of the deposits. Moreover, as the brick and deposit material is brittle, it easily 
falls apart when removed from the probe, and as traces of the sealant stick to its back face, it 
was not suitable for weighing. The set up is shown in Figure 3. 
 

 
Figure 3. Experimental set up for the deposition probe used for in-situ samplings. 
 
The images in Figure 4(a)-(c) show (a) the mounted refractory brick plate prior to sampling, 
(b) the probe docked in the inspection port during sampling (as seen from outside), and (c) 
probe seen from an inspection hatch, from opposite side to where the probe was inserted. The 
probe is marked with an arrow, and it is seen that the uncooled end glows more. The glowing 
pellets that fall from the grate into the kiln, and their direction, are marked with smaller 
arrows. The flue gas direction is opposite to this. Between falling pellets, an outgrowth of 
deposited material that glows less is seen. 
 

   
Figure 4. (a) The mounted refractory brick plate prior to sampling, (b) probe seen as from outside during 
sampling, and (c) probe seen from an inspection hatch opposite side to where the probe is inserted.  
 
In order to verify the influence of the flue gas direction on the deposit formation, the probe 
was turned at different angles during different samplings. Figure 5 describes how the 
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sampling probe was turned around to different angles at different samplings; as seen from 
direction from which it was inserted. 

 
Figure 5. Schematic showing how the refractory plate was turned from vertical during different samplings with 
the deposition probe. 
 
Three samplings were carried out during oil combustion and four during coal combustion. 
However, during three of the samplings with coal combustion, refractory brick plates were 
attached on both sides of the probe, so that one plate was tilted towards the wind-side, and the 
other plate towards the lee-side. Therefore, results are presented from seven samplings from 
coal combustion. The conditions for each sampling are shown in Table 3. 
 
Table 3. Conditions for different samplings carried out with the deposition probe; all samples were characterized 
by SEM. 
Oil 
combustion 

Time of installation Exposure 
time 

Degrees tilted, 
clockwise from 
vertical  

Note 

Oil-1 20100518 16:15 ⅔ h  (Short) 0º (as in Fig. 4, 
perpendicular to 
wind direction) 

 

Oil-2 20100519 08:45 4 h (Medium) 0º  
Oil-3 20100519 13:30 10 h (Long) 0º Stop in the 

production after 
10 h (probe was 
docked in for 10 
more hours 
during cooling) 

Coal 
combustion 

    

Coal-1 20100913 17:20 16 h (Medium) 45º  
Coal-2a 20100914 19:00 14 h (Medium) 0º  
Coal-3 20100914 19:00 14 h (Medium) 180º  
Coal-4 20100915 09:40 ⅔ h (Short) 0º  
Coal-5 20100915 09:40 ⅔ h (Short) 180º  
Coal-6a,b 20100915 10:50 22 h (Long) 45º  A high 

concentration of 
airborne particles 
led to disturbance 
in production. 

Coal-7 20100915 10:50 22 h (Long) 225º   
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(a) Deposit material from these samples were characterized by XRF 
(b) Deposit material from this sample was characterized by XRD 

2.4. Analysis techniques 

2.4.1. Scanning electron microscopy 
The material deposited on the deposition probe, and the interaction zones between deposits 
and refractory liners were characterized using a scanning electron microscope (JEOL JSM-
6460) equipped with energy dispersive spectroscopy (EDS, Oxford instruments, INCA 
software). All micrographs were recorded under low vacuum, using a back scattered electron 
detector with compositional contrast; i.e. heavier elements appear brighter such that that 
chemical composition can be discriminated. Samples were cast in an epoxy mold, polished 
down to 0.25 µm using diamond slurry, prior to microscopy. 

2.4.2. X-ray diffractometry 
X-ray diffractometry (XRD) was carried out using a Siemens D5000 x-ray diffractometer 
running in the Bragg-Brentano geometry, using Cu Kα radiation. Diffractograms were 
recorded, one over a 2θ interval of 10 to 90º, and the other (with a shorter step length) over 19 
to 37º.  

2.4.3. X-ray fluorescence 
The elemental compositions of deposit materials were determined by x-ray fluorescence 
spectroscopy (XRF) using a PANalytical MagiX instrument (SuperQ software), at LKAB 
laboratories. Analyses were carried out on deposits from the second and sixth samplings 
performed during coal combustion. Only during these two samplings was enough material for 
XRF analysis deposited on the probe. The materials analyzed were mechanically removed 
from the probe. Prior to analysis, the materials were first transformed to fused beads by a 
Herzog HAG 12 inductive fusion machine. Analyses were carried out using rhodium x-ray 
radiation with flow proportional counters for Na, Mg and Al, and a scintillation counter for all 
other elements, over a 2θ interval between 22 and 145º. 

3. Results 

3.1. General observations 

3.1.1. Temperature probe: temperature measurement and deposition 
The flue gas temperature measured with the fine wire thermocouple during coal combustion 
fluctuated rapidly, because of turbulent flue gas flows, and varied between 1011 and 1286ºC, 
with an average temperature of 1163ºC. After only 10 min in the kiln the ceramic part of the 
thermocouples was deposited with material, such that an aerodynamic plume was formed on 
the wind side of the thermocouple. No significant deposition of material was observed on the 
lee side. 

3.1.2. Sampling with deposition probe 
Three samplings were carried out during oil combustion and seven samplings were carried out 
during coal combustion, with the particle deposition probe. Temperatures measured with the 
deposition probe, and approximated deposit thicknesses from each sampling are shown in 
Table 4. This is followed by sub-chapters with analysis from each sampling. 
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Temperatures measured during fuel oil and coal combustion, differ about 100ºC. Moreover, 
there is a temperature difference of ~100ºC between what was measured with the deposition 
probe and what was measured with the temperature probe (both measured during coal 
combustion), where the temperatures measured with the temperature probe were ~100ºC 
higher. Even though sampling was carried out at the same location, the conditions fluctuate 
over time in such full-scale industrial process. 
 
Table 4. Data from samplings carried out during fuel oil and coal combustion at the kiln inlet. 

Sampling No. Exposure 
time 

Degrees tilted 
clockwise 
from vertical 

Average temp 
[ºC] 

Approx. 
deposit 
thickness 
[mm] 

Oil-1 ⅔ h (Short) 0º  1004º  0-0.005  
Oil-2 4  h (Medium) 0º 944º  0.005-0.010  
Oil-3 10 h (Long) 0º 983º  0.010-0.020  
Coal-1 16 h (Medium) 45º 1068º  1-1.5 
Coal-2 14 h (Medium) 0º 1088º 4-8 
Coal-3 14 h (Medium) 180º 1088º ~0 
Coal-4 ⅔  h (Short) 0º 1087º 0.3-0.4 
Coal-5 ⅔  h (Short) 180º 1087º ~0 
Coal-6 22 h (Long) 45º  1088º >100a 
Coal-7 22 h (Long) 225º  1088º 0-0.010 
(a) High concentration of airborne particles present. 

 
The first sampling carried out during oil combustion (short-term, tilted 0º) showed very little 
deposition on the refractory surface. Apart from few hematite grains deposited (sizes ~1 µm) 
only voids and cracks were filled with hematite grains with sizes up to ~50 µm. 
 
In the second sampling carried out during oil combustion (medium-term, tilted 0º) a layer of 
hematite grains was deposited on the refractory surface, with a thickness of 5-10 µm. Single 
hematite grains with sizes of ~2 µm max. were observed in this layer. Only grains of hematite 
were observed in the deposited layer. 
 
After 10 h of the third sampling carried out during oil combustion (long-term, tilted 0º), there 
was a stop in production, but the probe was still docked in the port overnight, for 10 h. When 
the probe was removed, the temperature had reduced to 552ºC. In this sampling, a layer of 
hematite grains was deposited on the refractory surface, with a thickness of 10-20 µm. 
 
The first sampling during coal combustion (medium-term, tilted 45º) resulted in a deposition 
on the refractory surface, with a thickness between 1 and 1.5 mm. This layer of deposit 
mainly comprised hematite. 
 
In the second sampling (medium-term, tilted 0º), a layer was deposited on the refractory 
surface, with a thickness of 4-8 mm, shown in Figure 6. A certain texture is created within the 
deposited material with outgrowths. These ridges protruded a few mm above the rest of the 
deposit material. 
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Figure 6. Deposition probe after sampling during coal combustion (medium-term, tilted 0º). 
 
Very little material was deposited on the refractory surface during the third sampling 
(medium-term, tilted 180º). Grains of hematite that did deposit were mainly found in voids, or 
as a result of the roughness in the refractory surface.  
 
In the fourth sampling (short-term, tilted 0º), a layer was deposited on the refractory surface 
with a thickness of 300-400 µm. 
 
Almost no material was deposited on the refractory surface during the fifth sampling (short-
term, tilted 180º). Single grains of hematite of sizes ~2 µm were deposited at a few locations. 
 
A significant increase in deposition rate was observed during the sixth sampling (long-term, 
tilted 45º). This caused difficulties when removing the probe through the port. Even when the 
3 inch adapter was removed, the deposition was so extensive that parts of it had to be 
removed mechanically before it was possible to remove probe through the port. The thickness 
of the deposition was estimated to more than 10 cm. 
 
Very little material was deposited on the refractory surface during the seventh sampling (long-
term, tilted 225º). However, at some locations there was a deposition of hematite particles 
with sizes ~5 µm agglomerated in a layer ~10 µm thick, while no particles were deposited on 
the surface at other locations. 
 
Chemical reactions between deposits and refractories were observed in some of the 
samplings, particularly when the refractory plate was tilted towards the lee-side, and there was 
little deposition of material.  

3.2. Elemental compositions 

3.2.1. EDS analyses 
Quantitative EDS analyses were carried out on the bulk of the deposited material on 
thermocouples, as well as on material deposited on the deposition probe, when sufficient 
material was present. Data are shown from both thermocouples and the deposition probe in 
Table 5, presented without oxygen and carbon, and normalized to 100%. Only in the third 
sampling from oil combustion was enough material collected. During coal combustion, 
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enough material was collected in sampling No 1, 2, 4 and 6; i.e. samplings with the refractory 
plate tilted towards the draft direction. Insufficient material was collected in the samplings 
with the refractory plate tilted towards the lee side. Analyses were carried out on the bulk of 
the deposit material on an area of ~1 mm2. Analyses from deposits on thermocouples were 
performed by area analysis of the full deposit, while data from deposition probe are average 
values from several area analyses. 
 
Table 5. Quantitative EDS analysis of the deposit material on the thermocouples and deposition probe (wt%). 
Fuel Oil Coal      
Element Oil-3 Coal-1 Coal-2 Coal-4 Coal-6 T1 T2 
Si 1 3 6 7 4 9 21 
Al <1 2 4 6 2 6 13 
Fe 89 88 83 79 88 75 57 
Ca 5 5 5 7 4 4 5 
K <1 <1 <1 <1 * 1 1 
Mg <1 <1 <1 * <1 * * 
Na <1 * * * <1 1 * 
P <1 * <1 * <1 1 1 
Ti <1 <1 <1 <1 <1 1 2 
Ni 2 * * * * * * 
Cr * * * * * <1 * 
S 1 * * * * * * 
(*) not detected. 

3.2.2. XRF analyses 
The chemical analyses of the deposit material from second and sixth sampling during coal 
combustion are shown in Table 6. Results from the deposit materials are all presented without 
oxygen and carbon, and normalized to 100%.  
 
Table 6. Chemical analysis (by XRF) of deposit material from the second and sixth samplings carried out during 
coal combustion.  All results are shown in wt%, presented as oxygen and carbon free, and normalized to 100%.  
 

Elements Coal-2 Coal-6 
Si 16.6 14.2 
Al 9.7 7.7 
Fe 65.4 69.8 
Ca 4.4 5.2 
K 0.5 0.4 
Mg 1.7 1.0 
Mn 0.1 0.1 
Na 0.1 0.1 
P 0.7 0.7 
Ti 0.6 0.6 
V 0.1 0.1 

 
Both the deposit material tested comprised mainly Fe, Si, Al and Ca.  
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3.3. Microstructural characterization and phase evaluation  

3.3.1. Temperature probe: temperature measurement and deposition 
After only 10 min in the kiln, the thermocouples were deposited with material, as shown in 
Figure 7(a) (thermocouple 1) and (b) (thermocouple 2). An aerodynamic plume was formed 
on the wind side, so that new material was transported away by passing flows. This plume 
was particularly developed in the second measurement (T2, Fig. (b)). Most of the material 
deposited on the surface of the thermocouples was in the form of fine grained hematite, in 
what appears to be a non-crystalline alumina silicate. This phase appears to be homogenous, 
no crystalline particles have been observed in it, apart from inclusions of hematite. This phase 
appears to have been molten or partially molten, as pores and voids are filled (Fig. 7(a)). It 
can also be assumed that when more porosity is present in this phase (Fig. 7(b)), less liquid 
phase had been present. This phase appears to bond solid particles; therefore it is hereafter 
referred to as bonding-phase. Moreover, at some locations particles in the form of spheres 
were observed. One such sphere is marked in Fig. 7(a) with an arrow, shown with a higher 
magnification in Figure 7(c). Figure 7(d) shows the area marked with an arrow in Fig. 7(b) 
with a higher magnification, where the arrows indicate that the first deposition is often the 
fine grained hematite. An average of EDS point analyses carried on the bonding-phase 
between hematite grains in Fig. 7(d), shows concentrations (oxygen free) of: ~40 wt% Fe, ~25 
wt% Si, ~20 wt% Al, ~5 wt% Ca, ~2 wt% each of Ti, K and Mg, and ~1 wt% Na. The high 
Fe concentration is a result of the fine-grained hematite present. 
 

  

  
Figure 7(a)-(d). SEM micrographs showing (a) and (b) overviews of the thermocouples used, (c) a spherical 
particle in the deposit, and (d) a thermocouple-deposit interface. 
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3.3.2. Sampling with deposition probe 
The first sampling carried out during oil combustion (short-term, tilted 0º) showed very little 
deposition. Besides rare hematite grains (sizes ~1 µm) deposited during the first sampling 
carried out during oil combustion, only voids and cracks were filled with hematite grains with 
sizes up to ~50 µm, as shown in Figure 8.  
 

 
Figure 8. Hematite grains captured in a fissure of the refractory sample used during the short-term test carried 
out during combustion of fuel oil.  
 
In the second sampling (medium-term, tilted 0º), a layer of hematite grains was deposited on 
the refractory surface with a thickness of 5-10 µm, shown in Figure 9(a). Single hematite 
grains with sizes of ~2 µm (max.) were observed in this layer. Only grains of hematite were 
observed in the deposited layer. 
 
In the third sampling (long-term, tilted 0º), a layer of hematite grains was deposited on the 
refractory surface, with a thickness of 10-20 µm, shown in Figure 9(b). Single hematite grains 
with sizes of ~2 µm (max.) and down to sub-micron scale, were observed in this layer. In 
addition to hematite, traces of Al, Si, Ca, Mg, Ti, Ni, V, S, P, Na and K were also observed at 
different locations in the deposit from this sampling. No bonding-phase between particles was 
observed in any of the samples collected during oil combustion. 
 

  
Figure 9. SEM micrographs showing hematite grains deposited on the refractory surface from (a) medium-term 
sampling carried out during oil combustion, and (b)  long-term sampling.  
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In the layer deposited on the refractory surface during the first sampling carried out with coal 
combustion (medium-term, tilted 45º) grains of hematite were detected, but in addition at 
some locations spheres with sizes ~50 µm were observed. Figure 10(a) shows such a sphere. 
The texture on the surface is of typical columnar dendritic solidification that occurs from 
melts, here comprising iron oxide. The darker areas between dendrites also contains Mg and 
Si in concentrations of 8-10 wt% each, and a few percent each of Al, Ca and Ti. 
 
Spheres were also observed at several locations in the deposit material from the second 
sampling (medium-term, tilted 0º), with sizes 20-50 µm, marked with black arrows in Figure 
10(b). The bonding-phase between the spheres and hematite grains, comprises approximately 
equal amounts (by weight) of Si, Al and Ca. This agrees stoichiometrically with anorthite 
(CaO·Al2O3·2SiO2). However, these areas appear to be of a non-crystalline morphology. The 
white arrow in the upper right corner of Fig (b) marks an area that correspond with forsterite 
(2MgO·SiO2). The same area is shown with a higher magnification in Figure 10(c). 
Precipitations of iron oxide are seen on the surface. In this deposition, hematite grains with 
three distinctly different fractions were observed, shown in Figure 10(d). These were larger 
hematite grains (~50 µm, marked A in Fig.), medium sized grains (~2 µm, marked B in Fig.), 
and a fine-grained hematite with sizes from submicron to ~1 µm (marked C in Fig.). 
 

  

  
Figure 10. SEM micrographs showing (a) a spherical particle adhered to the deposit during the first sampling 
with coal combustion, (b) deposit material where spheres are marked with black arrows, and an area high in Mg 
are marked with a white arrow, (c) area high in Mg with a higher magnification, and (d) hematite with three 
distinct fractions in the deposit material (Fig b, c & d from second sampling). 
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In the deposit material from the sixth sampling (long-term, tilted 45º), a certain amount of 
stratification can be seen (darker band in the middle of Figure 11(a)). Moreover, the effect of 
the prevailing flue-gas direction on the formation of the deposit material is shown in Fig. 
11(a). With a higher magnification, a solidified wave-like texture is revealed, shown in Figure 
11(b). At this location, spheres with sizes ~50 µm were observed. EDS analyses showed that 
the major element was iron at every location, as this region is rich in fine grained hematite. 
Actually, in this sample, the iron oxide acts as a bonding phase to other grains, which was 
opposite to other samples. Figure 11(c) shows this with a higher magnification, where the 
double-arrow marks what can be approximated to be the wavelength of these waves. The area 
marked I in Fig.11(b), correspond to apatite (Ca5(PO4)3(OH, Cl, F)), and the area marked II 
correspond to forsterite (2MgO·SiO2). The area marked II in Fig. (b) is shown with higher 
magnifications in Figure 11(d). Note the precipitated iron oxide on the surface of the forsterite 
grain. 
 

  

  
Figure 11. SEM micrographs of deposit material from the sixth sampling carried out during coal combustion, 
showing (a) an overview with texture created by the wind direction, (b) grains deposited in a bonding-phase of 
hematite grains, (c) a solidified wave-like texture in the deposit material, and (d) a region that correspond to 
forsterite. 
 
In the seventh sampling carried out during coal combustion (long-term, tilted 225º), very little 
deposition was found on the refractory brick surface. Only a few grains of hematite were 
found locally. However, at some locations Ca, K and P were found to a depth of ~50 µm 
beneath the surface, marked by arrows in Figure 12. Named elements may have migrated and 
caused the mullite grains to dissolve, but more likely the upper layer closest to the surface 
(~50 µm) is deposition of another type observed in previous samples. 
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Figure 12. SEM micrograph showing a few grains of hematite deposited on the refractory liner from the seventh 
sampling. The interface between mullite grains and the reacted region is marked with arrows. 
 
XRD carried out on deposit material from the sixth sampling showed predominantly hematite, 
as seen in Figure 13(a). However, a scan with a shorter step length showing a close-up of the 
minor peaks in Fig. 13(a) is shown in Figure 13(b). Peaks detected from minor phases are 
likely to belong to cristobalite and quartz (both SiO2), mullite (3Al2O3·2SiO2) and anorthite 
(CaO·Al2O3·2SiO2). 
 

  
Figure 13. Diffractograms obtained from deposit material collected in the sixth sampling during coal 
combustion. 

4. Discussion  
This paper deals with characterization, of the phenomena underlying accumulation, of deposit 
material on refractory liners within rotary kilns for iron ore pellet production, based on short 
term in-situ sampling carried out in an industrial kiln. 
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Inertial impaction controls the deposition rate, which was observed when the probe was tilted 
at different angles to the wind direction. In samplings carried out with probe tilted towards the 
lee side, very few or no particles were deposited on the refractory surface. It is especially 
prominent in Figs. (7(a) and 7(b)) showing the thermocouples, how inertial impaction has 
formed a plume, and that there is no deposition on the lee side. Therefore, condensation, 
thermophoresis, and chemical reactions by adsorption of vapors, can be considered to be 
minor contributors to deposition. 
 
A significant difference in deposition rate was observed during combustion of different fuels, 
where the deposition when using firing-oil was negligible compared with of the use of coal. 
This was expected, based on the literature [17], as fly-ash remains in the kiln from 
combustion of coal, while oil only leaves minor residues after combustion. 
 
The iron oxide (hematite) that is sintered in the grate-kiln is the main contributor to deposit 
formation. However, hematite not only originates from pellet residues, but also from fly-ash. 
Moreover, traces of apatite were also found, which is one of the major gangue minerals in the 
Kiruna iron ore. Residues from gangue minerals maintain in the ore concentrate in 
concentrations <1.5% [20]. In addition, traces of the additives forsterite (added to the iron ore 
concentrate in a concentration of 3.5 wt% [21]) and quartz (that may partially originate from 
the fly ash [22, 23],) were found in the deposit material. Other minerals found in minor 
concentrations, which are also usually found crystallized in coal ashes, were anorthite [22, 
23], mullite [23] and cristobalite [23]. Mullite is formed even at 1100ºC from heated kaolin 
clays [24], which is one of the most abundant minerals in coals [23]. These minerals agreed 
with what was found in chemical analysis by XRF.  
 
Normally, the bonding-phase between larger particles of iron oxide consists of a non-
crystalline phase, stoichiometrically close to anorthite. In the pseudo-ternary phase diagram 
(CaO-Al2O3-SiO2) there is a eutectic close to this composition at a temperature of 1170ºC 
[25]; this temperature may be further decreased by inclusion of K+, Na+ and Fe2+ ions, i.e. this 
phase is partially liquid under prevailing conditions. However, in one sample, the bonding-
phase consisted of fine-grained sintered hematite. The sample in which this was observed was 
collected during a period when there was a high concentration of airborne particles present in 
the kiln. However, even if a trend is observed it is not possible to draw conclusions from a 
single observation. 
 
Trends are observed when elemental ratios of deposits (from XRF results), and of coals 
burned and pellets produced during samplings are compared. Table 7 shows relevant ratios. 
 
Table 7. Elemental ratios of deposit materials compared in the same table with coals burned, and pellets 
produced during sampling. 

 Sampling Sampling  Coal type Coal type Pellet 
Key ratios Coal-2 Coal-6  A B KPBO 
Ca/Si 0.27 0.37  0.02 0.15 0.34 
Mg/Si 0.10 0.069  0.008 0.06 0.92 
Ca/Al 0.46 0.68  0.04 0.27 2.75 
Ca/Fe  0.067 0.075  0.43 0.73 0.005 
Si/Fe 0.25 0.20  17.3 5.0 0.01 

 
The ratio Ca/Si from deposits agrees with the ratio from the pellets produced during sampling, 
while the Mg/Si ratio is significantly lower in deposits compared with the ratio in the pellets 
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produced. This might be a result of less forsterite adhering to the deposits (because of larger 
particles), compared with Ca containing minerals. Moreover, the Ca concentration is higher 
compared with the Mg concentration in the fly-ash. This is promoted by the Ca/Fe ratios for 
deposits, which satisfy better to fly-ash than the corresponding ratio in the pellets. The Si/Fe 
ratios for deposits are intermediate with ratios for coals and pellets; almost certainly, most Fe 
in deposits originates from pellet residues while most Si originates from fly-ash. In the same 
way as the Ca/Al ratio; ratios for deposits are intermediate to ratios for coals and pellets. 
Likely, most Al originates from fly-ash, while Ca originates from pellets. 
 
Hematite grains with three distinctly different fractions were observed in the deposits. Very 
few hematite grains of the larger size were found in any sampling, as these grains are too 
heavy and easily fall off the refractory. These three fractions can be assumed to originate from 
different sources. Particles of the larger fraction are most likely residues from pellets 
disintegrated in the process. The specific point at which samplings were carried out, is 
situated just above where pellets falls from the grate, through the transfer chute, and down in 
the kiln. This drop in height (~5 m) can easily cause the disintegration of pellets that are not 
sufficiently indurated. The small and middle sized fractions most likely originate from the fly 
ash, as seen on the hematite within the fractions marked B and C in Fig. 10(d), it comes from 
disintegrated spheres that originates from the fly ash, also observed earlier in particle 
sampling [17]. 
 
Spheres with sizes ~50 µm, mainly based on iron oxide with various concentrations of 
especially Si, Al, Mg and Ca were observed in the deposit material adhered on the refractory 
samplers in this study. Similar spheres were also observed in previous study, carried through 
particle samplings with low-pressure impactor [17].These spheres act here as building blocks 
in the deposit material. Similar spheres have earlier been observed [26, 27] within deposits in 
coal combusted power plants, which indicates that they originates from fly-ash, rather than 
from pellet residues. Kostakis [26] studied the mineralogical composition fouling and 
slagging in a lignite (mined in Ptolemais-Basin) fired power plant in Kardia, Greece. Spheres 
were observed that were rich in iron, but also Si, Al, Ca, Mg. Gomes et al [27] studied fly ash 
from la Maxe’s power plant, France, that uses a bituminous coal. Also in this study, spheres 
were observed that were rich in Al, Si, Fe. The morphology and the chemical composition of 
the spheres observed in power plants, correspond well to what have been observed in this 
study. Therefore, it can be assumed that these spheres originate from the fly-ash, rather than 
from pellet residues. In addition, the pattern on some of these spheres, originates from 
columnar dendritic solidification that occurs from melts, that solidifies as metals; similar has 
previous been observed [28]. The dendritic pattern on the surface of these spheres is probably 
solidified metal, reduced by the flame in combustion, and subsequently oxidized by the 
atmosphere in the kiln. 
 
When a particle hit the surface of the refractory section of the probe it could either adheres to 
the surface and stay there our bounce away. The addition depends on material properties of 
the particle, material properties of the surface and the kinetic energy of the particle. Most of 
the fly ash particles in a grate-kiln plant have been molten in the hot environment in the coal 
powder flame [17]. The iron-ore particles have been in solid phase in the kiln [17]. The 
question is, however, if some of the fly ash particles still have a molten phase and thereby 
sticky surface in the temperature range relevant (1011-1286 ºC) for the transfer chute between 
the kiln and the grate. If so the fly ash particles could stick to the surface according to classic 
theories for deposit formation during coal combustion [7, 14, 29-31] and thereafter solid iron-
ore particle adheres to the sticky fly ash particle surface building up a multi-component 
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deposit of both fly ashes and iron-ore particles. However, if all the particles (fly ash and iron-
ore) in the flue gas are in solid phase another deposit formation mechanism (solid-solid 
impaction) controls the deposit rate. Hertz first described the elastic contact mechanics [32] 
between two solid particles; however, the theory has been developed to include adhesive 
contact [33], and plastic deformation [34]. When particles (considered spherical) hit the 
surface of the refractory sampler (considered flat), it can be assumed that they deform both 
elastic and plastic. The contact area between them increases, as well as the van der Waals and 
electrostatic forces between them [35]. With a higher particle velocity, the particles deform 
more. The extent of deformation also depends on Young’s modulus, yield strength and 
Poisson ratio of the materials involved [36]. Compared to ordinary combustion plants, the flue 
gas velocity is most likely higher in the transfer chute between the kiln and the grate. 
Computational fluid dynamics (CFD) modeling have shown [37], that at the point where 
sampling was carried out, just above the knee in the transfer chute where the grate feed the 
kiln, the gas flow rate is 47 m/s. In addition, the gas flows are turbulent. This may be 
considered as low-velocity impacts for particles with sizes 0.1-1 µm [35]. However, the high 
temperature contributes to increased plastic deformation [38], increased diffusion, and 
chemical reactions between deposit and refractory liner that increase the bonding between 
them. Therefore it may be possible for solid particles to hit and stay in surfaces in a grate-kiln 
plant.  
 
The prevailing wind direction determines the formation of the deposits. It is shown in SEM 
micrographs, how the wind flow forms waves in the deposit materiel in the wind direction, 
both in the micro- (Fig 11(a)-(c)) and macro-scale (Fig. 6). These waves may be considered as 
Aeolian ripples [39] that often are observed in sand dunes, but also may be found in sediments 
of volcanic ashes [40]. Earlier studies [41, 42] showed that there is a non-linear correlation 
between wavelength and particle size, which may explain the texture found in the deposits. 
 
The temperature was measured to be ~100ºC higher under coal combustion, compared with 
under oil combustion. There is a difference in heat distribution, within combustion of these 
fuels. Fuel-oil is more emissive but gives a shorter flame than coal. Moreover, as there were 
different mass flows during the oil combusted and coal combusted samplings, there was a 
difference in the amount of energy (heat) liberated from the oxidation of magnetite to 
hematite, whereas the energy liberated from the combustion of the both fuels was equal. The 
oxidation of the higher flow rate of pellet during the sampling carried out under coal 
combustion, resulted in an effect ~20 MW higher, compared with the oxidation under oil 
combustion sampling. This also contributed to a higher temperature in the transfer chute, 
under coal combustion, compared with under oil combustion.  
 
A significant increase in deposition rate was observed in one sampling. This was also 
observed at Kobe Steel [16] - even if the same coal was burned, the deposition rate varied 
with operating conditions. Moreover, it was observed in tests carried out at Allis-Chalmers 
(inventor of the grate-kiln) in the 1970’s, that the key factor for deposition in the kiln was the 
presence of dust [43], and the reason for the increased deposition rate in this study was 
probably the presence of more airborne particles (dust) in the kiln over this period of 
sampling. If for any reason more airborne particles are present in the kiln, more particles will 
be transported by gas flows towards lining and equipment, and therefore, more particles will 
stick to surfaces. It can be assumed that the deposit rate of material on the refractory lining in 
the kiln can increase during discrete periods of industrial production.  
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There is a difference in concentration of elements, between what has been detected by XRF 
and EDS. When the bulk EDS analyses were carried out on deposit materials close to the 
surface of the refractory sampler, the XRF analyses were carried out on a larger bulk of the 
deposit material. This may explain part of the differences. The Fe concentration in the 
deposits on deposition probe was detected to be lower than what has earlier been observed in 
deposits in the kiln [6]. Moreover, the Fe concentration was even lower in the deposit material 
on the thermocouples. This may be explained by that it is very few Fe particles adhered on the 
probes with sizes larger than a few microns (except spheres). Down in the kiln, larger 
hematite particles with sizes 10-50 µm are common, that originates from disintegrated pellets 
[6]. Initially smaller particles easier adhere to a surface, and there are less Fe in the fine mode 
[17]. It is also observed that the deposits sinters, and become denser with time and more 
material adhered, which is also expected based on the literature [14].  
 
Hematite with a finer grain size is deposited on the probe and thermocouple, compared with 
the hematite deposited on the refractory lining in the kiln, observed in earlier studies [6]. 
Larger hematite particles can easier be captured in the bulk of deposit material on the lining in 
the kiln, as the gravity drag them towards the bottom of the kiln. In the sampling carried out 
in this study, larger grains may bounce or fall of the sampling probe, or they may not be able 
to stick to the surface of the probe as the surfaces are not rough or sticky enough. Therefore, 
the chemical analysis of the chunk material shows a significant lower iron oxide concentration 
compared with chemical analyses earlier carried out on deposit material collected in the kiln 
[6]. Instead the sampled deposits comprised higher concentrations of Si, Al, Ca and P. It can 
be assumed that this depends on the lack of larger grains of hematite in the adhered 
deposition. However, the chemical composition of short-term deposits collected in this study, 
satisfy well with unpublished data from previous study [6] of long term deposits collected in 
the transfer chute during production stops. Moreover, there was no big difference in chemical 
composition between the second and sixth sampling carried out under coal combustion. Even 
though, there was a big difference in deposition rate. A larger amount of airborne particles 
present in the kiln, gives more deposition on the refractory liners. 
 
The sampling carried out in this study on how the deposits grow on the deposition probe, best 
simulate how the deposits grow in the transfer chute in the industrial process. The deposit 
formation on the refractory lining in the rotating kiln, are developed under more complex 
mechanical conditions. Inertial impaction plays a smaller roll in the deposition in the kiln, 
where dust particles from disintegrated pellets and fly-ash tumbles around and may stick to 
surface by other mechanisms. 
 
A majority of the material that deposits on the refractory plates during the samplings carried 
out in this study is hematite; mainly from disintegrated pellets in the production, but some 
originates from the fly-ash. Initially, fissures are filled with particles, in sizes that fit in. 
Further, the deposition on flat surfaces are initiated by small particles (of hematite or else), 
with sizes ~2 µm or less. At this level, small particles easily adhere to the deposits without a 
sticky bonding-phase as a glue. As the thickness of the deposition increases, the need of a 
bonding phase increase, to bond more and larger particles to the surface. With more texture, 
and more of stickier particles, the deposition is able to bond larger particles to the surface. At 
this level more or less any particle can adhere to the deposit material; it seems as the particle 
size is the only determent factor, as long as the gas draft direction is towards the deposit 
material. When there for any reason are many airborne particles, the deposition can increase 
very rapid. However, some question-marks remain as the deposition mechanisms are not yet 
properly understood, and require further study.  
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5. Conclusions 
The following conclusions can be drawn from this work: 

• A significant increase in deposition rate was observed during coal combustion 
compared with oil firing. 

• Inertial impaction is the dominant deposit mechanism during sampling.  
• The flue-gas direction determines the texture and formation of the deposits. 
• The deposits are mainly hematite particles embedded in bonding-phase, mainly 

comprising a calcium-alumina-silicate.  
• Besides hematite and bonding-phase, the minerals anorthite, mullite, cristobalite, 

quartz, forsterite and apatite were also observed in the deposit material. 
• Hematite grains with three distinct different fractions were observed in the deposits, 

originated alternate from pellet residues and fly-ash. 
• Spheres with dendritic morphology or clustered grains originating from fly-ash, 

mainly consisting of iron oxide, but also comprising various concentrations of Si, Al, 
Ca and Mg, were observed in the deposited material. 
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