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Abstract 

 In the iron ore pelletizing, the sintering of the pellets takes place in a rotary kiln which is lined 

with refractory bricks. During the process, deposited materials such as iron ore slag, additives, 

binders and fly ash stick on the surface of the lining, and with time, by infiltration and diffusion, 

a corroded layer is formed. Some of the reactions occurred in that layer are promoted by the 

presence of alkalis. Refractory/deposited materials reactions and infiltration of deposited 

materials were studied at laboratory scale. In this study, techniques such as differential scanning 

calorimetry (DSC), x-ray diffractometry (XRD) and scanning electron microscopy (SEM) were 

used. Reaction temperatures, phase transformations and infiltration depth of deposited materials 

were determinated. Additions of alkalis into the materials involved were used to enhance the 

reactions between them. Using powder mixtures the results of DSC show that in addition of 

K2CO3 the reaction temperature range is 850-950°C showing formation of new phases around 

850°C with kalsilite and around 950°C with leucite; in addition of the mixture Na2CO3 and 

K2CO3, there is a broader temperature interval of 600-925°C with formation of kalsilite at lower 

temperatures and nepheline at higher temperatures. In the characterization of the infiltration of 

deposited materials into the brick it was observed that nepheline was formed mainly in the 

corroded brick layer but K feldespathoids (leucite, kalsilite, kaliophilite) were formed beneath 

the corroded brick layer.  
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1. Introduction 

Refractory materials are widely used in various applications with rough environments. They get 

exposed by thermal expansion, mechanical action and alkali vapors. 

Rotary kilns for iron ore pelletizing are usually lined with refractory bricks. Different kinds of 

bricks are used according to their chemical composition and mechanical and thermal properties. 

In the case of the pelletizing process at the mining company Luossavaara-Kiirunavaara AB 

(LKAB), the main compounds in the lining of the kiln are alumina, silica and mullite. 

During the pelletizing, disintegrated pellets and other impurities such as additives, binders and 

fly ash are accumulated in chunks on the refractory lining in these kilns. Over the time, the 

accumulated material gain weight which causes damage of the lining. 

It has been earlier observed that alkalis promote the degradation of the lining. The alkalis 

originated from the iron concentrate, the bentonite binder and from fly ash from the burned fuel 

to heat the kiln. With time, it is necessary with stop in the production, for replacement of the 

lining, which is costly for the company. 

In this study the reaction interface between deposited materials and the bricks has been observed. 

In order to determinate the temperature reactions and formed phases, powder mixtures analysis 

by DSC and XRD were performed. Slag infiltration into solid bricks was studied by XRD and 

SEM. 
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2. Pelletizing Processing  

Nowadays a suitable way to handle raw material in the iron and steel industry, is used of ores 

concentrated before further processing. Due to their physical and metallurgical properties, iron 

ore pellets production is one of the best options. 

To produce pellets, the ore concentrate is mixed with binders and additives (e.g. olivine, 

quartzite, limestone and dolomite) depending on the type of pellet that will be produced. This 

mix is fed into a drum, where it is rolled into ‘green balls’. These are pre-heated in a roaster kiln 

and then sintered in a rotary kiln at 1250°C, where they get the strength to be handled. The 

production of iron ore pellets at LKAB is a continuous process, where they use the grate-kiln-

furnace system in four out of their six pellet plants. After induration, the green balls transform 

pellets, and they have to be cooled before the storage [1].  

The predominant mineral in the ‘green balls’ is magnetite. In the kiln an important reaction takes 

place where magnetite oxidizes to hematite. This reaction is strongly exothermic and liberates a 

lot of energy. Such energy promotes the saving of input energy during the process. The 

following reaction shows the oxidation of magnetite to hematite [2].  

4Fe3O4 (s) + O2 (g) → 6Fe2O3 (s)                                                                                                 (1) 

The iron ore products of LKAB are [1]: 

 BF Pellets: pellets for blast furnace with amounts of olivine additive, giving them 

good high temperatures properties. 

 DR Pellets: pellets for direct reduction have as additive dolomite and are coated 

with a material that prevents sticking. 

 Sinter Fines: fines of magnetite.  

2.1. Kiln 

An important step of the pellets processing is the sintering. The ‘green balls’ are heated up under 

the melting point, strong bonding between particles are created in order to the strength and 

improve mechanical resistance of the ‘green balls’. This sintering takes mainly place in the kiln. 

The kiln is a long, slow-rotating refractory lined steel tube that is driven by two or more rollers. 
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It is a little bit elevated in one end where it is fed. The kiln never gets totally filled, and the 

pellets travel along the kiln by a helical movement to the discharge end.  

In the outlet of the kiln there is a large axially heater. Ambient air is aspirated and is used to cool 

the sintered charge and as second air for the burner. Besides the ambient air there are other gases 

like combustion gases that pass up along the tube, they will be cooled by the incoming charge 

[3]. In general, kilns are divided in three zones as Figure 1 shows.  

 

Figure 1. Scheme of a rotary kiln [3].  

The working temperature of the kiln is around 1250°C [1], depending on the zone of the kiln the 

temperature can vary. Because of the high temperatures, at LKAB the kiln has a lining in form of 

refractory bricks. The iron ore pellets travels over the lining and after a long time of operation in 

contact with the bricks surface, a slag coating is formed. The thickness of the coating increases 

with time, and the infiltration of the slag into the brick, makes a strong bonding between them. 

When the coating gains enough weight, part of the bricks exfoliates and falls down with the slag 

[2].  
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3. Refractory Materials 

In general, the materials can be classified in four groups: metals, polymers, ceramics and 

composites. Ceramics are compounds that contain metallic and nonmetallic elements. Due to the 

covalent bonds of the ceramic materials, they generally are hard and brittle, have high melting 

point, and low electric and thermal conductivity, good chemical and thermal stability, and high 

compression resistance [4]. The following scheme shows the classification of ceramics materials 

by application [5]. 

  

 

 

 

 

 

 

 

 

 

Figure 2. Ceramic materials classification by their properties [5]. 

Refractory materials are high temperature resistant, have low thermal conductivity, are thermal 

stress resistant, have resistance to corrosion and erosion, and permeability. Refractories are 

exposed to extreme environment, such as mechanical and thermal stress and strain, and corrosion 

(solids, liquids, gases and gas diffusion erosion) at high temperatures [6]. Due to those 

properties, refractories are used in the iron and steel industry.  
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3.1. Bricks  

There are different bricks for the lining of furnaces and kilns. Over 50% of used refractory bricks 

are allocated to the binary system SiO2-Al2O3. In addition to pure crystalline SiO2 (in form of 

cristobalite) and pure Al2O3 (in form of corundum), mullite is the only stable compound in this 

binary system. Foreign compounds such as Fe2O3, TiO2, CaO, MgO and alkali oxides such as 

Na2O and K2O are part of the natural raw materials [7].  

The alkalis help as expansion agent and promote expansion of the insulation material at high 

temperatures [8], and it can also cause cracks in the refractories. 

3.1.1. Mullite 

At LKAB, the bricks used as lining in the kiln have as main compound the mineral mullite. Even 

if it occurs very rarely in nature, mullite is perhaps one of the most important phases in 

traditional and advanced ceramics. Its starting materials (e.g., α-alumina plus silica, 

aluminosilicates of composition Al2SiO5, refractory-grade bauxite, Al2O3-rich sheet silicates and 

clays) are available easily on earth. It is a ceramic material; its dominant constituents are alumina 

(Al2O3) and silica (SiO2). This material presents various Al to Si ratios referring to the solid 

solution Al4+2xSi2-2xO10-x, where x range is between about 0.2 and 0.9, it is about 55 or 90mol% 

Al2O3 [9]. Figure 3 shows that mullite is a stable solid solution in the system SiO2-Al2O3. 

 

Figure 3. SiO2-Al2O3 pseudobinary phase diagram [10]. 
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On the phase diagram of the SiO2-Al2O3 pseudobinary system shown, it is observed that the 

stable polymorphic form of silica is cristobalite. Silica and alumina are not soluble one in each 

other, which is the reason why they do not form solid solution at each extreme of the diagram. 

Some compounds (e.g., Fe2O3, TiO2, CaO, MgO and alkali oxides) can shift equilibrium 

conditions of the SiO2-Al2O3 system [7]. 

The outstanding importance of mullite in scientific and technical areas is because of its 

properties at high temperatures. It presents high thermal stability, low thermal conductivity; it 

has also high creep resistance and corrosion stability. In fact mullite possesses a relatively low 

thermal expansion coefficient and consequently a high thermal shock resistance. Thermo-

chemical properties of mullite are summarized in the Table 1 [9]. 

 

Table 1 Thermo-mechanical properties of mullite. 

 Mullite 

Composition 3Al2O3·2SiO2 

Melting Point (°C) ≈1830 

Density (g cm
-3

) ≈3.2 

Linear thermal expansion ( X 10
-6

 °C
-1

) 

20-1400°C 

≈4.5 

Thermal conductivity (kcal m
-1

 h
-1

 °C
-1

) 

20°C 

1400°C 

 

6 

3 

Strength (MPa) ≈200 

Fracture toughness KIC (MPa m
0.5

) ≈2.5 

If not indicated otherwise, values are given at room temperature. 



Reactions between Mullite based Refractories and Slag at Elevated Temperatures 2011 
 

7 
 

As the diagram of Fig. 3 and the Tab. 1 show, the melting point of mullite can vary depending on 

the content its compounds. As the Al2O3 content increases, mullite is in solid solution in pure 

corundum; for a higher content of SiO2, it is found a mixture of mullite and SiO2, which is in 

glassy state and possesses a melting temperature of 1595°C. However the refractoriness 

increases as the vitrified phase decreases, in order to lead the material to a higher resistance to 

shrinkage at high temperature. The presence and the distribution of remaining glassy phases 

caused by impurity contents along grain boundary will influence the mechanical behavior at high 

temperature [11].  

3.2. Iron Ore 

The main compound of the iron ore pellets at LKAB is magnetite (Fe3O4). One of its most 

important properties is that it is a ferromagnetic iron oxide. The magnetite during pelletizing 

oxidizes to hematite (Fe2O3). The oxidation is important because it results in different phase 

composition which modifies the mechanical and metallurgical properties of the pellets. However 

the oxidation of magnetite to hematite is a reversible reaction, if the hematite phase is clean, it 

begins to dissociate back to magnetite at 1457°C (in air). If there are components in the pellets 

that form a solid solution with the hematite phase, the dissociate reaction will start lower 

temperatures [12]. The iron concentrate that is used at LKAB, presents an oxidation of magnetite 

in two stages. The first stage (between 200°C and 350°C) is a topochemical low-temperature 

oxidation to maghemite (γ-Fe2O3). The second stage of oxidation starts at 400°C and it leads to 

completely oxidized grains at around 900°C and 1100°C (the temperatures range depends on the 

particle size, oxygen partial pressure, etc.) [13]. 

Table 2 shows the composition of two types of pellets produced at LKAB. The magnetite are the 

predominant component of the iron ore concentrate in the ‘green balls’, with other elements 

present. For example, some iron atoms are substituted in the spinel phase by atoms from 

vanadium. Other elements like Ti, Mg and Ca are also present in the iron concentrate but in low 

concentration [14]. 
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Table 2 Chemical composition of blast furnace pellets and direct reduction pellets [15]. 

 Fe2O3 FeO MnO CaO MgO Al2O3 SiO2 TiO2 V2O5 P2O5 Na2O K2O 

 % % % % % % % % % % % % 

BF* 94.5 0.4 0.08 0.50 1.55 0.22 2.05 0.24 0.20 0.06 0.04 0.04 

DR** 96.3 0.3 0.08 1.05 0.75 0.19 0.85 0.14 0.21 0.06 0.04 0.03 

*Olivine fluxed pellets   ** Dolomite fluxed pellets 

In order to produce iron ore pellets, it is necessary with the addition of binders and additives to 

the iron concentrate (around 3-4%). The additives have as function to improve the mechanical 

and metallurgical properties of the pellets. Olivine is a group of minerals consisting of solid 

solutions mainly of forsterite (2MgO·SiO2) and fayalite (2FeO·SiO2), limestone belongs to the 

carbonate rocks; the term limestone is applied to rocks composed of at least 80% of carbonates; 

commonly a carbonate rock is called limestone if the major minerals in the carbonate fraction are 

calcium carbonates (CaCO3) [16]. 

The most common binder used in the pelletizing process at LKAB is bentonite. It is added to the 

iron ore concentrate after filtration, where the concentrate contains approximately 10% moisture. 

The bentonite will eliminate the moisture and bind the filter cake to get a plastic mass easy to 

pelletize [17]. Bentonite is a rock formed by highly colloidal and plastic clays composed mainly 

of montmorillonite; it also contains alkalis such as Na2O and K2O [18].  

The crude ore contains gangue minerals like biotite, actinolitic amphibole, titanite, albite 

(sodium feldespar), orthoclase (potassium feldespar), apatite and rutile. Besides the gangue 

minerals, there are traces of impurities (e.g., P, V, Na, K, S, F), but the concentration of those, is 

such small that they are harmless to the properties of the iron ore pellets [12]. 

Some alkali compounds can be also formed in the combustion of coal and other fuel sources; 

alkali compounds formed during the combustion have been implicated in fouling, corrosion and 

erosion of the refractory lining [19]. 
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4. Literature Background  

The lining in rotary kilns used for iron ore pellet production, has been earlier objective for 

studies. Disintegrated pellets accumulated in chunks on the lining, infiltrate into the bricks. 

Corrosion in the interface causes depletion of the lining [2]. 

According to Qiu and Xu [20], the important corrosion factors are iron oxide content in the melts 

and temperature of the melting bath. But the iron oxides concentration is the most important. 

A study of the microstructure and composition of slag coating, it was observed with optical 

microscopy and SEM analysis that the brick presents a penetration zone, where the slag reacts 

with the brick; in that zone, there is crack formation parallel to the brick surface. It was also 

found the presence of glassy phase close to the brick/slag interface [14].  

It has been observed that alkali-ions show the fastest diffusion in silicate melts [21, 22]. 

Attributable to the penetration of alkali metallic ions in the lattice, silica leaves the mullite and 

forms a glassy phase between the mullite grains [23]. According to microchemical studies alkali 

metal and alkaline earth cations are able to enter the mullite structure, though in small quantities. 

Because of the size of the alkali cation, it may be only incorporated into the thermally expanded 

mullite structure at high temperatures [9]. 

If the refractory has glassy phases, the alkalis first diffuse into that phases, until they reach the 

saturation, then crystalline compounds such as cristobalite, mullite and quartz will dissolve and 

form new phases such as nepheline (Na2O·Al2O3·2SiO2) and leucite (K2O·Al2O3·4SiO2).  

Between 760 and 930ºC cristobalite dissolves completely, above 930ºC other crystalline 

compounds dissolve, and leucite, kaliophilite and high alumina compounds are formed. Between 

1000 and 1050ºC starts the formation of α-corundum and alkali aluminates [24]. 

The concentration of alkalis and alumina content influence the effect of the slag attack in the 

brick. Zimmermann [25] observed that reactions change according to the alumina and soda 

concentrations: 

 For alkali content lower than 10%, due to alkalis and hematite action, mullite dissolves at 

1175°C. Formation of iron-alumina oxide (Fe2O3Al2O3) and nepheline phase is present, 

taking the corundum from the grains in the brick; this nepheline phase melts at 1253°C. 
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 For high alkali content, mullite is dissolved completely in a melt at 1235°C, needles 

crystallization is induced by alumina present in the melt. 

The alkalis react with the acid oxide SiO2, while single grains of Al2O3 were seen to be more 

resistant to alkali. However it does not mean that a high Al2O3 brick is a better material than a 

brick with less Al2O3 content.  

Stjernberg et al [2] observed in tests between 700°C and 1150°C that the basic oxide Na2O reacts 

with mullite and SiO2 to form the alkali feldspathoid, nepheline. They also showed that the 

amount of nepheline phase decreases at higher temperatures. At 1230°C nepheline partially 

disintegrates to an amorphous phase. It is assumed that the formation of felspathoids such as 

nepheline, kalsilite (K2O·Al2O3·2SiO2) and leucite contributes to the degradation of the bricks. 

Those phases are formed when alkali metal reacts with aluminosilicates. 

Potassium that causes formation of an amorphous alkali-aluminosilicate melt is the element that 

migrates deepest into the brick. According to Narita et al [26] penetration of sodium is about less 

than one fifth of the penetration of potassium. For that reason, it is considerate that potassium is 

more dentrimental than sodium. However Na2O rich feldspars produce larger needles than K2O 

feldspars at the same temperature because Na2O makes more fluid the flux system [21]. 

An earlier study [27] of the reaction zone between slag and brick (with alkali addition), using 

similar materials as in this study, showed that below the brick surface several layers were 

evolved; the first two layers mainly of hematite with various composition, and a higher 

concentration of potassium in the deeper lining, in a test with dwell time of 5 hours at 1400°C. 

Below the hematite zone, a corundum with high iron concentration is formed and a slag. Also 

was observed, a deeper alkali penetration into the brick mainly found as mullite needles in alkali 

glass. After 72 hours at the same temperature, at the surface was observed hematite with needles 

of corundum with high iron concentration. Below there is a mullite zone with presence of the 

alkali metal. 

In Figure 4, Scudeller et al [28] considered a refractory with 50wt% Al2O3 and 50wt% SiO2 

(point R). If potassium attacks the refractory, the joining line of the points R and K2O, shows the 

composition of the refractory. At low concentration of K2O, the phases mullite, silica and a 

liquid coexist in equilibrium. With increase of the K2O concentration potassium feldspar, mullite 



Reactions between Mullite based Refractories and Slag at Elevated Temperatures 2011 
 

11 
 

and a liquid phase are in equilibrium. However with high K2O concentration (between 18% and 

28%), the phases in equilibrium are leucite, corundum and kaliophilite (kalsilite hexagonal 

polymorph). Even when the average concentration of K2O in refractories is low, the 

concentration in the interface mullite/matrix is high enough to form the phases mentioned earlier. 

 

Figure 4. Phase diagram for the system K2O-Al2O3-SiO2 [28]. 

Previous work of Narita et al [26] showed that the wear of fireclay brick is mainly due to the 

formation of kalsilite in accordance with the following reaction and its expansion (calculated 

volume change about 6%): 
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6K + 3Al2O3·2SiO2 + 4SiO2 + 3CO → 3(K2O·Al2O3·2SiO2) + 3C                                             (2) 

The following table shows thermal expansions according to Geith et al [24]: 

Table 3 Volume increase due to the new formation of mineral phases. 

Fireclay and Alumina Bricks 

Mineral Phase Volume Increase [%] 

Nepheline 

(Na2O·Al2O3·2SiO2) ~6 

Kaloiphilite 

(K2O·Al2O3·2SiO2) ~6 

Leucite (K2O·Al2O3·4SiO2) ~10 

 

Hayashi and Shibuno [29] observed that alkali vapor forms liquid phase by the reaction with 

glass and cristobalite in the brick besides the formation of alkali aluminosilicates causing the 

deterioration of brick and may accelerate the wear. Potassium vapor circulates in the interior of 

the furnace and eventually penetrates the refractory lining through the pores, reacting at first with 

the glassy matrix and then with the matrix/mullite interface. The potassium compounds can 

cause cracks due to the volume expansion, leading to premature brick degradation.  

The solid state reaction of potassium with glassy matrix of refractory occurs in three steps [28]: 

1) Diffusion of potassium to the interface. 

2) Reaction at the interface with formation of potassium silicate. 

3) Migration of potassium silicate out of the interface. 

The potassium silicate formed is concentrated in the region rich in silica, close to the grain 

boundaries of mullite. 

In the study by Narita et al [26], many cracks were observed in the broken part of the brick near 

the surface. One reason may be the crystallization of the rod like kalsilite and carbon deposition 

proceeded significantly near the surface, because of the long time exposure to high temperature. 

According to the reaction (2), carbon deposits at the same time with the formation of kalsilite. 
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Carbon deposition can be also considerate as a reason of brick degradation besides alkali 

penetration. The microstructure of the fractured surface changed with the increase content of 

K2O in the brick. The surface of a specimen with 0.3% of K2O looks like the original brick. 

Other specimen with content about 5% of K2O presents precipitation of potassium or potassium 

compounds. Narita et al [26] based on their research results, explained the formation of alkali 

aluminosilicate as follows: 

 Potassium and carbon monoxide penetrate into the fireclay brick as gaseous phase trough 

the pores and crack. 

 The potassium and carbon monoxide gases react with mullite and α-cristobalite in brick, 

glassy and crystalline alkali aluminosilicates are formed. 

Also the behavior of lithium has been studied; even it has not significant effects as sodium or 

potassium. The lithium aluminosilicate eucryptite (Li2O·Al2O3·2SiO2) has been tested due to its 

interesting thermal expansion behavior at high temperatures [30].  

There are two polymorphic modifications of eucryptite, at low temperatures α-eucryptite is form 

in nature; at high temperature (972°C ±10°) α-eucryptite transforms into β-eucryptite, with a 

same structure as high temperature quartz [31]. 
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5. Materials Involved 

5.1. Lining 

The bricks used as lining in the kiln are selected according to their properties at high 

temperatures and corrosion resistance. Table 4 shows chemical composition of the refractory 

bricks used at LKAB and in the experiments of this project [2]. 

Table 4 Nominal chemical composition of a brick used 

in the kilns at LKAB and also in the experiments of this 

project. 

wt% Victor HWM Alex Silox 60 

Al2O3 ~ 73 ~ 58 ~ 60 

SiO2 ~ 26 ~ 36 ~ 37 

CaO 0.2 0.3 0.1 

TiO2 2.7 2.1 1.5 

Fe2O3 1.1 1.4 0.9 

Alkalis 0.3 1.3 0.5 

 

 

The Victor HWM brick has a bulk density of 2750 kg/m
3
; apparent porosity of 18%; resistance 

to thermal shock higher than 30 cycles and linear thermal expansion at 1600°C of 4% [32]. The 

Silox 60 brick has similar properties as Victor HWM, such as a bulk density of 2450 kg/m
3
; 

apparent porosity of 16%; resistance to thermal shock higher than 30 cycles and a thermal 

expansion of 2% at same conditions as Victor HWM. 

Figure 5 is a characterization by X-ray diffraction (XRD) of the refractory bricks, shows that 

mullite, Al2O3 and SiO2 are the predominant phases.  
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Figure 5. XRD patterns for refractory bricks Alex, Sliox 60 and Victor HWM. 

As it can be observed the three bricks have similar XRD patterns showing strong presence of 

mullite and Al2O3 specially. In this project the most used brick was Victor HWM, which presents 

a higher content of Al2O3 than the other two. 

5.2. Slag 

In the kiln disintegrated pellets accumulate in form of slag chunks on the lining. Table 5 shows 

the chemical analysis of a slag chunk collected in the outlet of a kiln, labeled as KK2, Kiruna, 

Sweden 16
th

 of October 2007. The analysis was carried out by X-ray fluorescence (XRF), the 

results are presented in most stable oxide, expect sulfur.  
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Table 5 Chemical composition of slag collected at the kiln outlet labeled as KK2. 

Fe2O3 P2O4 SiO2 K2O Al2O3 CaO MgO MnO TiO2 V2O5 P2O5 Na2O S 

% % % % % % % % % % % % % 

63.04 0.05 5.41 0.163 2.43 0.58 0.6 0.06 0.23 0.171 0.115 <0.050 0.007 

 

As expected the chemical composition shows high content of Fe2O3 but also SiO2 and Al2O3, 

being those main phases from the refractory bricks. On the other hand compounds such as K2O, 

Na2O, V2O5, were also found, those compounds accelerated the wear process of the lining bricks.  
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6. Methodology 

6.1. Thermal Analysis 

Thermal analysis can be used to study the change of any physical property or chemical stability 

of a sample, which is related to a temperature alteration. Such analyses were realized to observe 

the behavior of samples at high temperatures. It is important to reach higher knowledge about 

how the refractory brick and slag react during the sintering process in presence of the alkali 

element potassium. The following procedures will be used to analyze those reactions. 

6.1.1. Differential Scanning Calorimetry (DSC) 

DSC is a common technique to determine phase transitions, by heating up a sample and a 

reference at the same temperature simultaneously using uniform heating rates. Figure 5(a) shows 

schematically the DSC apparatus, where S is for sample and R for reference. As result of this 

scanning, a heating potential against temperature will be plotted. The device detects is the heat 

flux difference to maintain the sample and the reference at same temperature. If the sample has a 

greater calorific capacity than the reference, heat has to be supplied. The difference of heat flux 

supplied is proportional to the difference of calorific capacities of the sample and the reference. 

This technique is used to detect endothermic or exothermic changes that occur as temperature 

function [33]. Figure 6 (b) shows an endothermic change. Thus are usually represented as a 

positive peak above the baseline, corresponded to an increase of heat supplied to the sample.  

  

Figure 6. Apparatus of DSC (a); Typical DSC curve (b) [34]. 

 

 

Some of the DSC analysis possibilities are melting/crystallization behavior, solid-solid 

transitions, polymorphism, glass transitions, specific heat, thermo kinetics, etc. [35].  

b a 
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6.1.2. Thermogravimetry (TG) 

At high temperature, the oxidation of metals leads to mass increase of the materials. The most 

used method to observe the kinetics of high temperature corrosion is to measure the mass 

changes while the temperature is increasing. The specimen is weighed and exposed to 

temperatures; the mass change can be loss or gain. That change can mean the sample is 

decomposing or reacting with other compounds. 

6.1.3. Mass Spectroscopy 

Mass Spectroscopy is a powerful microanalytic technique, used to indentify unknown 

compounds and quantify known compounds, also to explain the molecules structure and 

chemical properties. Figure 7 shows the operation of this technique. 

 

 

Figure 7. Mass spectroscopy operation [36]. 

The fundament of mass spectroscopy is the separation of molecular or atomic particles by their 

different mass. The process is basically in four steps [37]: 

1. Sample ionization by electron beam. 

2. Ions acceleration caused by a magnetic field. 

3. Ions dispersion according to the ratio mass/charge. 

4. Detection of the ions. 
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6.2. X-ray Diffraction (XRD)  

In order to identify the formed phases at high temperatures XRD was used. The principle of this 

technique is to determine the interplanar spaces of every crystallographic phase. This can be 

possible using to the Bragg’s law: 

nλ=2dsinθ                                                                                                                                      (3) 

where n is the diffraction order; λ is the wavelength of the x-rays; d is the characteristic 

interplanar space between the crystal planes; and θ is the angle between the incident beam of x-

rays and the normal to the reflecting plane. When the x-rays leave the crystal, the angle θ is 

different for every crystallographic plane. At different θ, it is possible to determine d; in a 

powder there is no order of the crystallographic planes, it means that it is possible to obtain a 

response of the most of the phases present [33]. 

The obtained x-ray diffractograms are compared with the standard line patterns available for 

various compounds in the Powder Diffraction File (PDF) database. 

6.2.1. Calculation of Volume Fraction: Direct Comparison Method 

There are several methods to calculate the volume fraction of phases in materials, one of the 

most reliable methods is based on XRD patterns. Those patterns depend on crystal structure and 

phase content present in the material. The diffraction peaks intensity obtained from each phase is 

proportional to the amount of that phase [38]. 

In order to calculate volume fraction percent for a material with more than just one phase, the 

direct comparison method was used. This method does not require a pure phase peak as 

reference. The reference is a peak from another phase in the mixture [39]. 

The phase volume fractions were determined applying the direct comparison method, where 

integrated intensity of the strongest peaks from each phase was normalized, and compared with 

the integrated intensity from other phases.  
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6.3. Scanning Electron Microscopy (SEM)/ Energy Dispersive Spectroscopy (EDS) 

Optical analysis also was realized to observe the interface brick/slag region and the brick area 

close to it; the SEM was used to achieve this aim. The technique is based in the interaction 

between an electron beam and the sample surface.  

The electron beam promote over the sample, different signals, such signals are received with 

specific detectors giving the information about the sample nature. The secondary electron signal 

gives the image of the sample morphological surface; the x-ray spectrum signal provides 

information about the chemical composition of the sample. 

The EDS allows identifying particular elements and their relative proportions (weight percent, 

atomic percent) in a specific place on the sample. This technique is due to the x-ray signal 

generated from the interaction of the sample surface and the electron beam. 
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7. Experimental Procedure  

In order to observe at what temperatures powder mixtures of brick/slag with addition of alkali 

carbonates react, DSC tests were performed. Afterwards raw powder mixtures were heat treated 

at the temperatures indicated in the DSC tests, and analyzed to observe the formed phases by 

XRD. 

For solid brick analysis, three kinds of bricks (Victor HWM, Silox 60 and Alex) were heat 

treated with an addition of powder mixture of slag and alkali carbonates. Afterwards they were 

cut into parts and mounted in epoxy resin in order to analyze layer by layer from slag into brick 

the impregnation of the slag and phase evolution in the interface by XRD. Analysis by optical 

microscopy and SEM/EDS were also performed. Table 6 shows the weight percent added in the 

powder mixtures depending on the tests to perform. Mixtures 5 and 6 were used for solid brick 

analysis.  

Table 6 Alkali additions to powder mixtures used in the experiments. 

Mixture Addition Test 

1 5wt% K2CO3* DSC, XRD 

2 5wt% Na2CO3* DSC 

3 5wt% K2CO3 + 5wt% Na2CO3 DSC, XRD 

4 5wt% Li2CO3* DSC 

5 10wt% K** XRD, SEM 

6 10wt% Na** XRD, SEM 

*In mixtures of 50/50wt% Victor brick/slag.;**In slag 

The alkalis were added in form of carbonates, due to the high reactivity of alkali oxides. 

7.1. Samples  

In this project, mainly powder mixtures have been investigated. The principal mixture in the 

powder mixture analysis was 50/50wt% of milled Victor brick and slag (both described in Tab. 1 
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and 5 respectively) with an addition of alkalis carbonates (Na2CO3, K2CO3 and Li2CO3). The 

powder mixtures were chosen to approximate the interface composition. The aim of adding 

alkalis in form of carbonate is to emphasize the reactions that normally occur between brick and 

slag. 

In solid brick analysis, other mixtures were used, slag with addition of alkalis carbonates. These 

mixtures were placed on the bricks to simulate the slag deposited on the lining in the klin. 

7.1.1. DSC/TG and Mass Spectroscopy 

In order to observe the reactions at high temperature that take place at the brick/slag interface, 

DSC completed with TG and mass spectroscopy were performed by Netzsch STA 449C Jupiter. 

Figure 8 shows the DSC alumina crucible, where some sample material has been allocated. 

 

Figure 8. DSC crucibles with sample 

The mixtures 1, 2, 3 and 4 were prepared in form of small pellets. The compacted pellets were 

used to be sure that all the compounds in the sample react with each other. The pellets were 

formed by cold isostatic compression (CIP). The applied load to the pellets was 2500 Kg/cm
2
. 

Once the sample was placed in the alumina crucible, the formed pellets were heated up until 

1350°C with a heating rate of 10°C/min and cooled down until 100°C. The atmosphere used for 

the experiments was synthetically air. The heat treatment performed during the DSC/TG 

experiments is showed in the Figure 9. 
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Figure 9. Heating program  performed during DSC/TG analysis 

In situ mass spectroscopies were carried out, in order to detect gases emmited during the 

reactions. The experiments were performed, using a Netzsch Aeolos QMS 403C spectrometer. 

7.1.2. SEM/EDS 

Mixtures 5 and 6 were placed on the surface of Victor HWM, Silox 60 and Alex bricks and 

introduced in a laboratory furnace. The brick was heated, with a heating rate of 10°C/min and, to 

1350°C maintained at such temperature during 24 hours. Afterwards the brick was cut in small 

blocks. A heat treated brick with slag and alkali additions is shown in Figure 10 (a)  

  

Figure 10. Heat treated brick with slag and alkalis addition placed on surface (a); cross section 

from brick after heat treatment (b) 
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The blocks were cold mounted in epoxy resin; afterwards they were grinded and polished to 

0.25µm with diamond, prior to analysis in the SEM. The blocks were mounted depending on the 

kind of analyze; the blocks mounted in cross section were analyzed by SEM/EDS; the blocks 

mounted in upper section were analyzed by XRD. 

7.1.3. XRD 

For the powder mixtures analysis, after the detection of temperatures where the reactions take 

part, heat treatments at such temperatures were performed. The mixtures were placed in an 

alumina crucible and introduced into a laboratory furnace. The samples were heated up to 

specific temperatures (according to the DSC results) with a heating rate of 10°C/min and cooled 

down to room temperature with a cooling rate of 20°C/min. Figure 11 shows the heat treatments 

performed for mixture 1 previous to the XRD analysis.  

 

Figure 11. Heat treatments for mixture 1 previous to XRD analysis 

Afterwards, the samples were milled to fit in the in the sample holder for XRD. The aim of 

realize heat treatment at those temperatures is to observe what phases are formed. The XRD test 

was carried out in a Philips X’PERT MPD diffractometer, with a CuKα radiation (wavelength 

1.54184 Å). 
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In the solid brick reactions analysis, small brick blocks were analyzed layer by layer from the 

slag into the brick by XRD. Figure 12 shows scheme of the direction of the grinding to the 

analyzed layers. 

 

Figure 12. Sample scheme for XRD analysis layer by layer 

The sample grinding was performed by a Buehler Phoenix 4000 Semi-automatic sample 

preparation, with a diamond plate of 55 µm. The grinding depth between layers was depending 

on how much the slag infiltrated into the brick (in general 0.500 µm).  
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8. Results and Discussion 

8.1. DSC 

In order to observe the temperature ranges where the reactions emphasized by alkalis metals 

present in the interface slag/brick, DSC test were performed with three different addition of 

alkalis in the mixture (K, Na and Li).  

The first DSC experiment was performed with the powder mixture 1 (see Tab. 6). The 

thermogram in Figure 13 shows the response obtained.  

 

Figure 13. DSC/TG thermogram and mass spectroscopy from 50/50wt% powder mixture of slag 

and refractory brick with an addition of 5wt% K2CO3 

The TG thermogram shows a mass loss of about 1.5% and two endothermic peaks at 85°C and 

187°C, according to the mass spectrometer, at that temperature range, CO and CO2 are released. 

Also as it can be observed that an endothermic peak appeared in the temperature range of 850-

950°C. And a notable weight loss of 1.9% was found starting at approximately 635°C range 
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losing. Exactly at the point of the peak, a high CO2 signal was detected, which can be caused, as 

Scudeller [28] proposed, by decomposition of K2CO3 to obtain K2O, as the following reactions 

show. 

K2CO3 → K2O + CO2                                                                                                                                                                             (4) 

Figure 14 shows the DSC/TG thermograms, with corresponding mass spectroscopy response of 

CO2 emission, for a sample of mixture 2.  

 

Figure 14. DSC/TG thermogram and mass spectroscopy from 50/50wt% powder mixture of slag 

and refractory brick with an addition of 5wt% Na2CO3 

Irregularity in the slope of the DSC thermogram between 400-700°C is according to the 

heterogeneity of the sample. At around 700°C there is a fast increase in the slope of the response, 

prior to an endothermic peak in the range of 700-950°C. From the mass spectroscopy, a high 

CO2 signal was detected at approximately 865°C, with it can be supposed that decomposition of 

Na2CO3 is occurring following a reaction similar than K2CO3. 
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Na2CO3 → CO2 + Na2O                                                                                                                (5) 

The TG shows a sharp mass loss between 750-850°C. The mass loss was initiated at 500°C 

losing 0.1% in mass between 500-700°C. 

Notable is, that the temperatures ranges of the carbonates decomposition occur earlier for the 

mixture 2 with Na2CO3 than mixture 1 with K2CO3. A DSC experiment on mixture 3 was carried 

out, in order to observe if there is any influence of one alkali on the other that promote a faster 

reaction therefore a deeper penetration of potassium, similar to earlier works have published 

[2,26]. Figure 15 shows the thermogram of this experiment. 

 

Figure 15. DSC/TG thermogram and mass spectroscopy from 50/50wt% powder mixture of slag 

and refractory brick with an addition of 5wt% K2CO3+5wt% Na2CO3 

In the DSC experiment of the mixture 3, a mass loss at the beginning of the curve caused by the 

H2O evaporation is observed. Later decomposition in the range of 600-925°C is observed, 
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corresponding to emission of CO2. The reactions of mixture 3 began earlier than the other DSC 

test of mixtures 1 and 2 but also it ends at around the same temperature.  

According to Hummel [30], at high temperatures there is an interesting behavior of thermal 

expansion in presence of Li2O. Figure 16 shows a DSC/TG thermogram for the mixture 4,  

 

Figure 16. DSC/TG thermogram and mass spectroscopy from 50/50wt% powder mixture of slag 

and refractory brick with an addition of 5wt% Li2CO3 

The curves show a small mass loss approximately at 100°C, which is attributed to evaporation of 

H2O according with the gases emissions recorded. A transformation occurred at the temperature 

range between 300-800°C, followed by another transformation at the range between 800-950°C; 

those transformations are indicated by two discrete peaks. A strong response of CO2 emission 

occurred at the range between 700-900°C, corresponding to the decomposition of Li2CO3; 

weaker signals of CO2 emission appeared between 200-600°C.  
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Once the temperatures of the reactions were set, the next step was to analyze the formed phases 

by those reactions. According to the DSC result of mixture 1, the reaction temperatures are 

850°C and 950°C. Due to the irregularity of the DSC curve, it is difficult to set the reaction 

temperatures. Stjernberg et al [2] performed experiments in 50/50wt% powder mixture of slag 

and refractory brick with an addition of 5wt% Na2CO3, with the same parameters as in this 

project, were preformed; according to those experiments, the reaction temperatures were 700°C, 

1150°C and 1350°C, which are in similar range than the observed in this work.  

8.2. XRD of Powder Mixtures 

The temperatures set for mixtures 1, 3 and 4 are given in Table 7. 

Table 7. Selected temperatures for heat treatments of powder mixtures analysis. 

Mixture  Temperatures 

5wt% K2CO3 

700⁰C 

850⁰C 

950⁰C 

1150⁰C 

1350⁰C 

5wt% K2CO3 + 5wt% 

Na2CO3 

850⁰C 

950⁰C 

1350⁰C 

5wt% Li2CO3 
700⁰C 

950⁰C 

 

The temperatures set for mixture 3 were 850°C, 950°C and 1350°C; those temperatures were 

selected in order to observe any influence from one alkali on the other. In the DSC/TG 

thermogram for mixture 4, the temperatures set were 700°C and 950°C. Figure 17 shows the 

XRD patterns of the formed phases at the temperatures of 700°C, 850°C, 950°C 1150°C and 

1350°C for mixture 1. 
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Figure 17. Comparison of XRD patterns at different temperatures according to the DSC 

experiments for mixture 1 

The transformation of kalsilite begins at 700°C with the decomposition of K2CO3, on the other 

hand leucite start to appear at 950°C with a small amount, which increased with increasing 

temperature of the heat treatment as seen in Fig 15. Also noted is, that the amount of free 

alumina increases according to the amount of feldespathoids increases. The kalsilite react with 

the SiO2 from mullite in the brick leaving free alumina. At 1150°C and 1350°C a sudden 

increase of alumina is easily noticed. According to the thermogram in Fig. 13, after the 

decomposition of K2CO3 obtaining K2O, it reacts primarily with the mullite from the brick to 
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obtain kalsilite and keep reacting with mullite compounds to obtain other phases such as leucite, 

based on the phase diagram for the system K2O-Al2O3-SiO2 of the Fig. 4.  

The temperature has an important role, in the transformations of all observed phases but also the 

time. It is interesting; by the increase of temperature the potassium silicates and free alumina 

increase. On the other hand, with the time increase those phases decrease again. Figure 18 shows 

a comparison patterns show the behavior according with the time. 

 

Figure 18. Comparison of XRD patterns at 1350°C with different dwell time of mixture 1. 

 

In the 2θ range of 20-40, it is shown how leucite decreases after 24 hr at 1350°C, the same case 

for the free alumina in the range 35-60.  
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The last analysis showed how the temperature and time affect the evolution of alkali feldspars; 

the samples were representing the interfaces slag/brick (Victor HWM).  

In presence of slag and addition of 5wt%Na and 5wt%K, formation of new phases was observed. 

In Figure 19 it is showed that at 850ºC kalsilite starts to appear and it increases with the 

temperature, but at 1350ºC presence of kalsilite was not found anymore, instead nepheline was 

found. 

 

Figure 19. Comparison of XRD patterns at different temperatures according to the DSC 

experiments for mixture 3. 

It was found that nepheline forms just at high temperatures while kalsilite decreased. It is 

assumed that due to the similarity of sodium and potassium, nepheline exchange atoms in its 

structure. 
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XRD scanning was performed in mixture 4 at 700°C and 950°C, Figure 20 shows the 

diffractograms of this powder mixture.  

 

Figure 20. Comparison of XRD patterns at different temperatures according to the DSC 

experiments for mixture 4. 

Even some researchers have found interesting the behavior at high temperatures of eucryptite 

[30], in the XRD test in this project, the presence eucryptite was minimum, in the XRD patterns, 

the predominant peaks were from brick compounds. 

8.3. XRD of Solid Brick Reactions: Different Depths into Brick 

Earlier studies showed up that potassium penetrates deeper than sodium into the brick [2, 26]. 

However during the XRD analysis for solid bricks samples, an unexpected behavior was 

observed. After the heat treatment of the three bricks (Victor HWM, Silox 60 and Alex) with 

mixture 6, it was clear that the slag in presence of Na melted during the time in furnace and 
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formed a larger interface with the brick; in the other hand most of mixture 5 (with presence of 

K), stayed sintered on the brick surface and reacted less. Figure 21 shows the appearance of the 

Silox 60 brick after heat treatment.  

 

Figure 21. Heat treated Silox 60 brick with mixture slag + 10wt% Na (left) and slag + 10wt%K 

(right). 

Also observed was that the sintered slag in presence of potassium did not stick to the brick 

surface and formed a small interface, the behavior was present on the three analyzed bricks.  

In order to evaluate the penetration of the slag mixed with alkalis a layer analysis of the bricks 

was performed, every layer was scanned by XRD and afterwards grinded to continue deeper into 

the brick. Figrue 22 shows the XRD pattern of the layer analysis for Victor HWM brick with slag 

and 10wt%Na. During this test to all the bricks, presence of amorphous phase appears at the 

range of 15-25° in 2θ, and it is attributed to the epoxy resin used as holder of the samples. 

Na K 
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Figure 22. XRD patterns at different depths in Victor HWM brick with slag + 10wt%Na on the 

surface; heat treated at 1350°C. 

On the surface of the heat treated brick the predominant phases are Al2O3, nepheline and Fe2O3. 

Going deeper into the brick, it can be observed how the nepheline phase decrease, especially at 

the depth of 2.5mm; at that layer a considerable emerge of mullite is present; mullite increase in 

deeper layers. The corundum phase (Al2O3) stays constant through the first layers of brick, 

showing a notable decrease when mullite increases; this can be attributed to the fact that 

nepheline is not reacting with the SiO2 from mullite leaving the alumina free. The tendency of 

the phases into the brick can be observed in Figure 23. 
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Figure 23. Comparison of volume fraction percent of phases in the penetration of slag+10wt%Na 

into Victor HWM brick. 

It is clear how Al2O3, mullite and SiO2 increase in deeper layers of the brick, while nepheline 

and Fe2O3 disappear; but even nepheline decreases, at depth of 3.5mm is still present, being this 

the deepest penetration observed in this project  

In the case of Alex brick with slag and addition of 10wt%Na, the presence of nepheline is 

notably high in comparison with the analysis in Victor HWM brick. From the brick surface into 

0.3mm depth, nepheline has a small increase. At depth of 1.3mm, it decreases considerably until 

almost disappear at 2.5mm depth.  

Alex brick XRD patterns, with slag and 10wt%Na, are shown in Figure 24. Corundum appears 

strongly at 1.3mm depth, coinciding with the nepheline decrease. Also mullite increase was 

observed going deeper into the brick.  
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Figure 24. XRD patterns at different depths in Alex brick with slag+10wt%Na on the surface; 

heat treated at 1350°C 

Figure 25 shows a high content of nepheline on the surface of the brick and low content of Al2O3 

and mullite. Going deeper into the brick, there is a strong change in the tendency. At depth of 

1.3mm, it can be seen that the nepheline amount decreases, while Al2O3 increases. 

 

Figure 25. Comparison of volume fraction percent of phases in the penetration of slag+10wt%Na 

into Alex brick. 
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Mullite has an increase from a depth of 1.3mm, while Al2O3 and SiO2 decrease, it is assumed 

that Al2O3 decreases because SiO2 does not react anymore with the feldspahtoids and does not 

leave free alumina. 

For Sliox 60 brick with addition of slag and 10wt%Na, on the surface the predominant phases 

are Fe2O3 and nepheline. Hematite decreases fast going deeper the brick, until it disappear 

around at the depth of 1.0mm. In the other hand nepheline increases until at a depth of 1.5mm 

into the brick, it starts to disappear. Figure 26 shows the behavior of the phases from the surface 

of the brick until 1.5mm depth. 

 

Figure 26.  XRD patterns at different depths in Silox 60 brick with slag+10wt%Na on the 

surface; heat treated at 1350°C 

Phases such as Al2O3 and mullite, follow the tendency already seen in the other bricks (Victor 

HWM and Alex). In comparison with Victor HWM brick, Alex and Silox 60 bricks have less 

amount of Al2O3, allowing a strong presence of nepheline on the surface of the brick. 

The volume fraction calculations in Figure 27 show the tendency of high presence of nepheline 

on the surface and the decrease of it into the brick. 
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Figure 27. Comparison of volume fraction percent of phases in the penetration of slag+10wt%Na 

into Silox 60 brick. 

It is also showed how Al2O3 and mullite have weak presence on the brick surface and strong 

presence while nepheline starts to disappear.  

As expected, the only one feldspathoid that was present in the interfaces slag/brick from the three 

bricks was nepheline. But it was observed that beneath the corroded layer nepheline was almost 

disappeared. 

In the case of bricks with addition of slag and 10wt%K, an unexpected behavior was observed. 

As mentioned, the slag in presence of potassium sinters and forms a really thin corroded layer.  

Figure 28 shows that on the surface of Victor HWM brick with slag and 10wt%K, the phase with 

strongest presence was kaliophilite, a polymorph of kalsilite. This phase was only found in the 

solid bricks reaction analysis. 
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Figure 28.  XRD patterns at different depths in Victor HWM brick with slag+10wt%K on the 

surface; heat treated at 1350°C 

In Figure 29, the volume fraction calculations show again the tendency change of feldpahoids 

and Al2O3 at around 0.5mm of depth. Feldspathoid decrease while bricks compounds such as 

mullite and Al2O3 increase. 

 

Figure 29. Comparison of volume fraction percent of phases in the penetration of slag+10wt%K 

into Victor HWM brick. 
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Kalsilite is present from the surface of the brick but it keeps in low amounts and disappears into 

the brick.  

From the surface a strong presence of kaliophilite was found, but the increase of Al2O3 at 0.5mm 

brings a decrease of kaliophilite. Phases present in the original brick start to appear at around 

0.5mm of depth as Figure 30 shows. 

 

Figure 30.  XRD patterns at different depths in Alex brick with slag+10wt%K on the surface; 

heat treated at 1350°C 

At a depth of 1.5mm, it can be observed an almost feldspathoids free XRD pattern. The principle 

phases found it at that depth were Al2O3 and mullite. 

On the surface of the brick there is no presence of mullite but deeper into the brick, mullite starts 

to increase this increase comes when kaliophilite decreases as it is shown in Figure 31. 
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Figure 31. Comparison of volume fraction percent of phases in the penetration of slag+10wt%K 

into Alex brick. 

A clearly tendency of feldspathoid decreasing while Al2O3 increases is observed. The amounts 

changes take place before the depth of 0.5mm; it can be assumed that the corroded layer is 

thinner than 0.5mm. 

For the case of Silox 60 brick with addition of slag and 10wt%K, presence of feldspathoids such 

as kaliophilite and leucite are strong from the surface, and they keep presence even at a depth of 

1mm. The brick compounds such as Al2O3 and mullite are present from the surface, where the 

corroded layer is and increases their presence deeper into the brick. 

Figure 32 shows the behavior of brick compunds and potassium feldpathoids in Silox 60 brick 

with addition of slag and potassium. 
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Figure 32.  XRD patterns at different depths in Silox 60 brick with slag+10wt%K on the surface; 

heat treated at 1350°C 

In Figure 33 show that on the surface of the brick, there is a high amount of kaliophilite, which 

decreases strongly at 0.5mm of depth and disappears at 1mm of depth. Leucite increases at 

0.5mm depth but decrease again at 1mm depth, it can be assumed that at around 0.5mm depth is 

where feldspathoids and SiO2 react the most.  Mullite and Al2O3 increase going deeper into the 

brick. 

 

Figure 33. Comparison of volume fraction percent of phases in the penetration of slag+10wt%K 

into Silox 60 brick. 
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It is assumed that nepheline and potassium felderspathoids with the SiO2 from mullite, from the 

surface of the brick along the interface slag/brick. At the end of this interface, the content of 

felderspathoids decreases in the three bricks. However in Alex and Silox 60 bricks with slag and 

addition of potassium, there is presence of potassium felderspathoids even below the corroded 

layers on the surface.  

8.4. SEM Study 

In order to observe the evolved morphology at slag/brick interface an optical image was recorded 

and some places along the corroded layer were chosen to take a closer view with SEM. In this 

part of the solid brick reaction analysis Victor HWM was chosen because it was the brick with 

the most significant effects. Figure 34 shows the brick with slag and 10wt%Na. 

 

Figure 34. Optical image of heat treated Victor HWM brick with addition of slag+10wt%Na. 

The indicated places were selected in order to observe how the morphology was changing along 

the corroded layer; they are shown in Figure 35.  
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Figure 35. SEM images of heat treated Victor HWM brick with addition of slag+10wt%Na. 

In image (a), a hematite grain can be observed, with changes in its composition, the dark areas in 

the grain have higher content of aluminum than the brighter areas. A clearly interface is observed 

in image (b), it shows in the upper part, hematite grains; in the lower part, the morphology of the 

brick starts. Image (c) shows, corundum gracias and mullite needles, the white spots are TiO2 

depositions. And finally in image (d), a similar structure to image (c) is observed with corundum 

grains and mullite needles. 

For the case of brick with addition of slag and 10wt%K in Figure 36, it is clear how thin the 

corroded layer is only ~0.200µm.  
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Figure 36. Optical image of heat treated Victor HWM brick with addition of slag+10wt%K. 

The selected places for SEM images were the surface and exactly at the border between the 

corroded layer and the brick. Figure 37 shows the images taken. 

 

Figure 37. SEM images of heat treated Victor HWM brick with addition of slag+10wt%K. 

Presence of hematite is observed in image (a), even when the slag sintered and did not stick on 

the brick surface, there was some slag deposited on the very brick surface. In image (b), exactly 

between the corroded layer and the brick there is not a significant change in the morphology. 
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9. Conclusions 

According to the analysis of experiments performed in this project, the main conclusions are: 

 DSC thermogram of slag/brick mixture powder with addition of K2CO3, shows reactions 

at the temperature range of 850-950°C, which is accompanied by a CO2 emission. 

 According to XRD diffractograms of powder analysis of mixture 1, the development of 

feldespathoids starts at around 850°C, with the formation of kalsilite and continues with 

the formation of leucite at around 950°C. 

 A mixture of K and Na react with the bricks at a lower temperature compared to pure K, 

(600-925°C) and over a broader temperature interval. 

  Nepheline forms at higher temperatures than kalsilite.  

 At solid brick analysis, the slag only sinters with addition of potassium, on the other hand 

with sodium addition, the slag totally melts. 

 Nepheline (Na feldespathoid) is formed mainly in the corroded brick layer. 

 K feldespathoids (leucite, kalsilite, kaliophilite) are formed beneath the corroded brick 

layer, which is very thin. 

 Kaliophilite only forms in solid brick reaction test, not within the test powder mixtures. 

 The influence on degradation from different brick qualities is much less than the 

influence from Na and K.  
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10. Future Work 

 The systems Fe2O3-Na2O and Fe2O3-K2O are not very well understood. Therefore 

development of phase diagrams is needed. 

 In order to observed if there is any formation of feldspathoids at low temperatures, XRD 

analysis of powder mixtures should be heat treated at longer dwell times.  

 To complete DSC analysis, more detailed mass spectroscopy studies of formed gases 

during the reactions should be performed. 
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