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Abstract 

 

In this work an alumina-core/mullite-shell like composite material was manufactured based on 

alumina powder and two different types of silica precursors, and their thermo shock behaviour 

was investigated. In one set of experiments a silica surplus and in a second series of 

experiments a silica deficit was used. This allowed to compare the differences of the reaction 

pathways, of the phase amount formed during sintering and of the material properties as a 

function of their composition and type of silica source. 

 

The microstructure was characterised by means of solid state characterization and porosity 

analysis, and the flexural strength of the samples as fired at 1600 °C was measured from room 

temperature to 1000 °C. A glassy phase was identified to influence the mechanical and thermal 

properties of the material. 

 

From thermophysical data the critical temperature difference for expected failure and the thermal 

shock resistance to fracture initiation by thermal stresses were computed and compared to 

experimental data generated by a hard thermo shock from 1200 °C to room temperature. The 

crack formation and the crack growth behaviour were imaged with microcomputer tomography, 

and it was found that the sample series with higher porosity may tolerate a higher thermal 

induced stress level compared to the samples having a lower porosity. 
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Kurzfassung 

 

Ziel der vorliegenden Arbeit war die Herstellung einer Aluminiumoxid-Kern/Mullit-Schale artigen 

Verbundkeramik aus -Aluminiumoxid und zwei unterschiedlichen SiO2-Quellen und die 

Ermittlung ihres Thermoschockverhaltens. Dabei wurden die SiO2-Quellen in Bezug zur 

Mullitzusammensetzung im Überschuss oder im Unterschuss eingesetzt, was einen Vergleich 

der Reaktionswege und der sich bildenden Phasen sowie der resultierenden Eigenschaften 

erlaubte. 

 

Die Charakterisierung der Mikrostruktur erfolgte mit Methoden der Festkörpercharakterisierung; 

die Bruchfestigkeit wurde im Temperaturbereich von Raumtemperatur bis 1000 °C der bei 

1600 °C gesinterten Proben ermittelt. 

 

Aus thermophysikalischen Daten wurden die kritische Temperaturdifferenz und der erste 

Thermoschockparameter Rs berechnet und mit experimentellen Daten, die im Abschreckversuch 

von 1200 °C auf Raumtemperatur ermittelt wurden, miteinander verglichen. Dabei wurden die 

Rissbildung und der Rissfortschritt mittels Mikrocomputertomographie über 20 

Thermoschockzyklen visualisiert. Es wurde gefunden, dass die Probenserie mit höherer 

Porosität bei ausreichend hoher mechanischer Festigkeit dem Thermoschock besser widersteht 

als die Probenserie mit niedrigerer Porosität. 
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1  Introduction and objectives 

Mullite is a binary oxide ceramic material composed of alumina and silica. It occurs rarely as a 

natural mineral, and it was first discovered from a natural deposit at the west coast of Scotland 

on the Island of Mull. The composition of mullite varies from an alumina-silica molar ratio of 

3Al2O3∙2SiO2 over 3Al2O3∙SiO2 to 2Al2O3∙SiO2. Technical mullite possesses good mechanical 

properties, even at high temperatures and good thermal shock behaviour [1, 2]. 

 

The technical interest in mullite ceramics originate from its properties such as low thermal 

conductivity, good creep resistance, good chemical and thermal stability, and good mechanical 

strength in harsh environments. An important feature is its very good resistance to temperature 

change owing to its low thermal expansion coefficient and its good thermal shock resistance [3]. 

This makes mullite ceramics interesting candidates for different applications under thermal and 

mechanical load: Mullite ceramics are candidate materials for structural, electronic and optical 

applications, serving as engine components, catalyst supports, thermal insulation parts, gas filter 

supports, heat exchangers, multilayer packaging for electronic devices and window material in 

the mid-infrared range. Mullite has been fabricated into transparent, translucent and opaque bulk 

forms [4]. Despite these advantages, mullite ceramics have some limitations due to their 

brittleness and their high fabrication temperatures [5]. 

 

The starting material and the processing of mullite is related to its microstructure and the 

resultant properties, and new processing techniques are developed to manufacture mullite with 

suitable microstructure and mechanical and thermal properties. Mullite produced from natural 

and synthetic raw materials present some differences in its chemical purity and material 

properties. An apparent disadvantage of using natural minerals is associated with its level of 

impurities (especially alkali ions such as sodium). These impurities are critical since they lead to 

a decreased in mechanical properties, and they reduce the melting temperature of mullite 

ceramics. For instance, the reaction of mullite with alkalis generates carnegieite 

(Na2O∙Al2O3∙2SiO2) acting as a reactive glass phase at high temperatures which affects the 

material properties [6]. 

 

Innovative processing of mullite is focused on synthetic raw materials such as colloidal or 

molecular precursors. These precursors offer possibilities of the phase formation control and the 
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mullitization temperature. Mullite ceramics processed by synthetic routes have advantages over 

powder routes due to their lower processing temperatures and more homogeneous material 

properties, due to a mixing of Al and Si ions on a molecular level [7]. 

 

Plain mullite ceramic materials possess low fracture toughness due to a missing reinforcement 

phase, and material failure often occurs when heating or cooling rates are too high; as a 

consequence materials were developed with reinforcement phases [8]. One of these 

reinforcement phases is alumina. This is due to its high value in flexural strength, fracture 

toughness, melting temperature, hardness, its good corrosion behaviour and wear resistance 

compared to mullite. A few reports [9, 10, 11] on alumina–mullite composites have demonstrated 

better mechanical properties compared to plain mullite; among them one report deals with a 

core-shell material generated by infiltration processing an improved fracture toughness [12]. 

However, a correlation between the microstructure, the thermal properties and the thermal shock 

behaviour of the core-shell alumina-mullite composites produced with the sol-gel process was 

not shown yet. 

 

The objective of this thesis is to manufacture ceramic parts with an alumina-core/mullite-shell 

like microstructure and to show correlations between the microstructure, the mechanical, the 

thermal properties and the thermal shock behaviour of these ceramic materials. As a processing 

route a sol-gel method was chosen. Two different silica precursors were investigated in this 

study: A model route consisting of tetraethyl orthosilicate plus alumina powder, and a technical 

relevant system consisting of dealkalined colloidal silica plus alumina powder. 

 

The samples series were sintered and characterized with respect to their microstructure, 

porosity and thermal properties. The thermo-mechanical properties were measured. From these 

properties the thermo shock parameters were calculated and compared. The influence of 

thermal cycling on the microstructure was monitored with micro-computer tomography (μ-CT). 
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2  Literature review 

2.1 The alumina-silica phase diagram 

The fabrication and application of mullite ceramics is based on the alumina-silica phase diagram, 

and can be controlled by starting materials and processing conditions. Although different 

mullitization processes have been reported, there is still some unclearity regarding its melting 

behaviour and the shape of mullite phase boundaries. Most research point out towards 

incongruent melting of mullite compared to congruent melting behaviour. Figure 2.1 shows the 

alumina-silica phase diagram [13]. 

 

Mullite solid solution series with molar ratios of 3Al2O3∙2SiO2 (60 mol.-% Al2O3, 40 mol.-% SiO2), 

3Al2O3∙SiO2 (75 mol.-% Al2O3, 25 mol.-% SiO2) and 2Al2O3∙SiO2 (67 mol.-% Al2O3, 33 mol.-% 

SiO2) have been reported according to different authors [14, 15]. In [16] a 9Al2O3:1SiO2 (90 mol.-

% Al2O3, 10 mol.-% SiO2) molar ratio from sol-gel derived mullite being used in wide spread 

applications as refractory materials due to a high alumina content is reported. Mullite with the 

composition 3Al2O3∙2SiO2 is identified to be the only stable and crystalline phase of the binary 

system Al2O3-SiO2 under atmospheric pressure. Its crystallization behaviour during mullitization 

is influenced by the nature of starting materials, processing methods, sintering atmosphere and 

temperature. These factors affect the phase content, the mechanisms of mullite formation and 

the crystallization patterns as shown by different authors with some differences regarding the 

solid solubility range of mullite and the exact composition related to the phase diagram [1]. The 

interactions in a binary system may produce binary eutectic systems, intermediate compounds, 

solid solution series and different polymorphs as represented in Figure 2.1 [3]. 

 

Bowen and Greig [2] used mixtures of synthetic α-Al2O3 and silica, and reported an 

incongruently melting of mullite at 1828 °C with no solid solution range. Toropov and Galakhov 

[17] reported a congruent melting behaviour of mullite at approximately 1900 °C. Mullite was 

prepared from a mixture of Aluminium oxide gel and quartz. Thus, Figure 2.1 represents the 

revised alumina-silica phase diagram of Aramaki and Roy [13]. They prepared quenched 

samples of dry mixtures of reagent-grade α-Al2O3 and powder SiO2 glass. They reported a 

congruent melting point for mullite at 1850 °C. They also observed a silica-mullite eutectic 

temperature of 1587 °C, and 1828 °C for mullite-alumina. 
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Davis and Pask [18] determined a solid solution range of 71 wt.-% to 74 wt.-% of mullite to 

1750 °C. They used semi-infinite diffusion couples of sapphire and fused silica. Other authors 

described different behaviours [19, 20, 21], until Klug et al. [22] used aluminium oxide hydroxide 

[AlO(OH)] and tetraethoxysilane (TEOS) to generate homogeneous aluminium silicate powders 

with a sol-gel processing technique. They reported incongruent melting for mullite at 1890 °C 

and shifting of both boundaries of mullite solid solution series to higher alumina content at 

temperatures above 1600 °C. A mullite composition of 67 mol.-% Al2O3 and 33 mol.-% SiO2 was 

observed at a eutectic temperature of 1587 °C which is partially within the temperature range 

reported by others [23, 24]. 

 

 

Figure 2.1: Silica-alumina binary phase diagram extracted from [13].  

 

Review papers by Pask et al [25, 26] and Klug [22] summarized the observations of the different 

authors based on classifying stable and meta-stable reaction products in accordance to the 

different patterns. They observed that mullite under equilibrium conditions melts incongruently in 

the presence of α-Al2O3 while in the absence of α-Al2O3 mullite shows non-equilibrium congruent 
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melting. Kleebe et al. [27] prepared 3/2-mullite from amorphous silica spheres and different 

Al2O3 powders. They reported that both stable and meta-stable mullite formation occur 

simultaneously. Despite these many efforts to explore mullite phase formation, controversy 

persists about its melting behaviour. It is still under debate if mullite melts congruently or 

incongruently [1]. 

 

2.2 The molecular structure of alumina  

Alumina is amphoteric and is commonly produced by the Bayer process from bauxite. It does 

also occur in ruby and sapphire as form of the mineral corundum with some impurities [28, 29]. 

Alumina or aluminium oxide produced from bauxite includes; calcine alumina, low soda alumina, 

reactive alumina, tabular alumina, and fused alumina with different alumina purities and particle 

sizes. Structural differences are associated with the particle size, the surface area, the surface 

reactivity and its catalytic properties. Figure 2.2 represents the thermal transformation of 

aluminium hydroxides to different forms following thermal activation [30, 31]. 

 

 

Figure 2.2: Thermal transformation of aluminium hydroxides [30] 

 

Alumina (Al2O3) is reported to exist in several allotropic forms. The most thermodynamically 

stable phase is named alpha-alumina (α-Al2O3) or corundum. Transitional alumina precursors 

processed at low temperature convert to α-Al2O3 at higher temperatures as shown in Figure 2.2. 
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Metastable forms or transitional alumina types include: γ-alumina, к-alumina, δ-alumina, σ-

alumina, θ-alumina, β-alumina and χ-alumina (where: γ = gamma, κ = kappa, δ = delta, σ = 

sigma, θ = theta, β = beta, χ= chi,). These phases are formed during thermal decomposition of 

Aluminium hydroxides or Aluminium salts [32]. For example, gibbsite (γ-trihydrate; γ-Al(OH)3), 

boehmite (γ-monohydrate; γ-AlOOH), bayerite (α-trihydrate; α-Al(OH)3) and diaspore (α-

monohydrate; α-AlOOH) upon heat treatment transformed at high temperatures to different 

crystalline forms [33, 34]. 

 

As mentioned, the most common crystalline phase of alumina is corundum. The crystal structure 

is described by a hexagonal unit cell shown in Figure 2.3 (left). This structure shows a compact 

hexagonal stacking of O2- anions with two-thirds of the octahedral interstitial sites occupied by 

Al3+ cations [35]. Its structure is a trigonal lattice with space group R3c. Its unit cell dimensions 

are: a = 4.7587 Å, b = 4.7587 Å and c = 12.99 Å. The Al atoms are octahedrally coordinated with 

six oxygen atoms, see Figure 2.3 (right) [36]. 

 

 

Figure 2.3: (left) Corundum structure in alpha-Al2O3 and (right) octahedral coordination of alpha-

alumina [33] 

 

Alumina’s typical properties (see Table 2.1) include: high hardness, chemical inertness, high 

thermal stability, low coefficient of thermal expansion, good thermal conductivity, good wear and 

abrasion resistance, high corrosion resistance, a high melting temperature (2050 °C), and its 

commercial availability in different purity ranges and grain sizes, makes it attractive for a great 

variety of engineering applications [28]. The alumna’s suitability to resist thermal fatigue is 
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related to its manifold component geometry and strength, and it is controlled by its thermal 

properties such as thermal conductivity and thermal expansion characteristics [37]. 

 

Typical engineering applications of alumina ceramics are outlined as follows: 

 as a refractory material for lining of furnaces [38]. 

 as an abrasive material and cutting tools [37]. 

 as substrate material for electronic parts and packing materials for integrated circuits 

(e.g. silicon chips, electrical insulators and spark plugs) [29]. 

 alumina also has wide spread applications as a porous ceramic and catalyst support [39]. 

 

Table 2.1: Mechanical and thermal properties of alumina [37, 40] 

Characteristics Measured values 

density, [g cm-3] 3.95-4.10 

melting point, [°C] 2072 

microhardness, [GPa] 20 

hardness, [GPa] 9 

young’s modulus, [GPa] 260-410 

bending strength, [MPa] 150-600 

fracture toughness, [MPa m0.5] 4-6 

thermal conductivity from 25 °C to 1000 °C, [W m-1 K-1] 30-40 

coefficient of thermal expansion from 20 °C to 1000 °C, *10-6 [K-1] 5.4-9.5 

 

2.3 Silica and its molecular structure  

Silica is a collective name for a compound made of silicon and oxygen with the chemical formula 

SiO2. It occurs naturally, e. g. as sandstone, silica sand or quartz, and can be manufactured 

from different precursors in to several forms including fumed silica, fused silica, colloidal silica 

and silica gel [41]. For example, silica can be form from alkoxide as represented in Eqn. (2.1) 

[42] 

 

                                        (2.1) 
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Desired stable phases in mullite formation are found to occur only after phase transformations 

with significant nucleation and growth within heterogeneous amorphous materials. Mullite 

processed from amorphous silica precursors represents a more thermodynamically stable phase 

compared to crystalline silica materials. An improved mullite microstructure is controlled by the 

choice of the silica precursor, the alumina precursor and processing conditions and more details 

will be given in section 2.5. 

 

Silica exists in a number of different crystalline forms or polymorphs with three major forms 

being quartz, tridymite and cristobalite, as listed in Table 2.2. At low temperatures and pressures 

the most stable form of silica is quartz. The α-form and the β-form indicate low and high 

temperature polymorphs of one another. The β-cristobalite is stable to approximately 1705 °C 

and melts at higher temperatures ≥ 1705 °C [43]. 

 

Table 2.2: Silica and some properties [44, 45] 

Form Crystal symmetry Stable range Density [g cm-3] 

α-quartz hexagonal < 573 °C 2.65 

β-quartz hexagonal 573 °C - 870 °C 2.53 

α-tridymite monoclinic metastable 2.36 

β-tridymite hexagonal 870 °C - 1470 °C 2.25 

α-cristobalite tetragonal metstable 2.32 

β-cristobalite tetragonal 1470 °C - 1705 °C 2.20 

Silica melt - ≥ 1705 °C - 

 

The crystal structure of the high temperature thermodynamically stable crystalline silica form is 

shown in Figure 2.4. Each silicon atom is covalently bonded to four oxygen atoms tetrahedrally, 

and every oxygen atom is bonded to two silicon atoms [46]. The silica group represents different 

minerals with different structures, symmetries and physical properties but with the same 

composition. This is enabled by the changes in bond angles of the SiO4 tetrahedron and Si-O 

bond lengths. Structural transformations following the increase in temperature cause the relative 

positions of the atoms in the crystal lattice to get shifted slightly. The Si-O-Si bond angles (the 

bond angle between the SiO4 tetrahedra) change from 153° (β-quartz) via 180° (β-tridymite) to 

151° (β-cristobalite). A shift is induced in the bond length of Si-O resulting in a contraction from 
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0.161 nm (α-quartz) to 0.158 nm (β-cristobalite). A corresponding decrease in density and an 

increase in hardness are discussed in [44]. 

 

Silica has a large number of industrial uses and it does provide the essential SiO2 component of 

mullite and glass formulations. It has a high melting temperature used to produce moulds and 

cores for the production of metal castings in ferrous and non-ferrous industries [47]. Additionally, 

silica low thermal conductivity (7 W m-1 K-1) and coefficient of thermal expansion (5.5 * 10-7 K-1) 

produce stable cores and moulds compatible with pouring temperatures [48]. Silica is a 

component for formulations of ceramic products (e.g. tableware, sanitary ware, floor tile and wall 

tile). For example, in composite ceramic processing, silica is the skeletal structure upon which 

clay, alumina and other components are attached. Silica is used to regulate drying and 

shrinkage; it modifies the thermal expansion and improves the structural and mechanical 

properties [41]. 

 

 

Figure 2.4: Crystal structure of -cristobalite (high temperature crystalline form of silica) [44] 

 

2.4 The molecular structure of mullite 

Mullite is a ceramic material in the system silica-alumina. It is represented by the general 

formula Al4(Al2+2xSi2-2x)O10-x, where x varies from 0.17-0.50 [49, 50]. Mullite with compositions 
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containing 55 mol.-% to 90 mol.-% Al2O3 has been manufactured based on different material 

types and processing techniques [3]. High temperature mullite (3Al2O3 2SiO2) has a density of 

approximately 3.1 g cm-3 and it is found to be the most thermodynamically stable crystalline form 

under high pressure and temperature [51]. Mullite material represents amorphous and crystalline 

structures including: Spinel, tetragonal and orthorhombic. The formation of a spinel or 

amorphous phase is an indication of precursor heterogeneity and it is controlled by the 

hydrolysis rate and sintering temperature. The tetragonal structure is metastable and is 

characterized by a single peak in x-ray diffraction patterns at 26° (2θ-CuKα) while the 

orthorhombic structure is more stable and the crystal shows a doublet in the x-ray diffraction 

patterns at 26° (2θ-CuKα) [52]. Figure 2.5 represents a projection of the mullite crystal structure 

parallel to the c-axis (001). 

 

The crystal structure of mullite is orthorhombic with the space group Pbam and cell dimensions 

of a = 0.755 nm, b = 0.768 nm and c = 0.288 nm. The mullite structure consists of chains of 

edge-sharing AlO6-octahedra cross linked by (Si, Al)O4 tetrahedra with double chains which run 

parallel to the c-axis. Its structure is obtained by a substitution of Si4+ by Al3+ in the SiO4 

tetrahedra sites. To maintain the charge neutrality, vacancies are created to produce charge 

balance [49], see Eqn. (2.2). 

 

 

Figure 2.5: Projection of crystal structure of mullite along the c-axis (001) [53] 

 

     
        

         
       (2.2) 

where •: positive charge, ′: negative charge, VO: oxygen vacancy 
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The Al/Si ratio determines the number of vacancies and for mullite with a composition of 

3Al2O3∙2SiO2, there is on averages an oxygen vacancy for every four unit cells. Analysis with 

29Si and 27Al nuclear magnetic resonance spectroscopy (NMR) provides information of the 

degree of order, as in mullite described in [15, 54]. X-ray diffraction studies made by Paulmann 

[55] showed that the ordering scheme of oxygen vacancies, tetrahedral Al and Si is very stable 

and persists up to the melting point of mullite. This order is reported to influence its thermal 

stability and has been observed to affect its material properties. In review papers by Schneider 

et al. [53] it is pointed out that the bonding system of mullite has a major influence on the 

changes observed in its properties. Mullite properties and applications are discussed in detailed 

in section 2.5. 

 

2.5  Mullite  synthesis,  processing  and  formation 

mechanisms 

A variety of mullite ceramic processing routes based on different starting materials have been 

developed; these include: solid-state derived mullite; liquid state derived mullite; sol-gel derived 

mullite; hydrothermally produced mullite; gas-phase-derived mullite; a spray pyrolysis approach 

and processing with other miscellaneous methods might be applied [1]. Mullites synthesized by 

liquid and solid state methods are designated elsewhere as fused-mullite and sinter-mullite 

respectively, while the other methods are referenced as chemical mullite [3]. In the processing of 

the aforementioned mullite types, different starting materials have been used [56, 57]. Material 

homogeneity, which depends on how to mix, precipitate, hydrolyze, or react SiO2 and Al2O3 

precursors, and mullite properties depend on the precursor type, synthesis and processing 

method. Mullite formation mechanisms are controlled by the method of combining its reactants 

and different mullitization temperatures are reported [58]. Lower temperatures <1500 °C are 

reported for mullitization using sol-gel routes compared to higher temperatures >1600 °C for 

reaction sintering of powdered raw materials [18]. Mullites processing from conventional raw 

materials (i.e. clay minerals, aluminosilicates, clay/alumina and clay/bauxite) make use of 

relatively coarse particles, and the mixing is in the order of micrometers [59]. High temperatures 

are required for diffusion of the reacting species compared to colloidal sols or dispersions with 

comparatively smaller particle sizes in the nanometer range which provide shorter diffusion 

paths and higher mullitization rates at lower reaction temperatures [60]. Natural occurring 

minerals has considerable higher amount of impurities which are undesirable for technical 
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ceramic applications [6]. Sol-gel methods with wet mixing of aluminium and silicon bearing 

species are increasingly being used due to their potential to generate homogenous 

microstructures and lower mullitization temperatures [7, 61]. The processing of mullite from 

different starting precursors and methods possesses some differences in mullite crystallization 

and mullitization behaviour as described in the following sections. 

 

2.5.1 Solid-state processed mullite 

Mullite processing from powdered raw materials mixed and heat-treated includes clay minerals, 

admixtures of boehmite, diaspore and gibbsite with silica. Mullitization takes place by diffusion of 

aluminium, silicon and oxygen ions through solid-solid or transient liquid reactions controlled by 

the firing temperature, duration of firing, and composition of the raw materials. Intensive 

mullitization requires high temperature at up to 1700 °C [3]. Mullite powders produced by 

reaction of alumina and silica at higher temperatures >1650 °C, showed nucleation and growth 

processes at an interface region between the alumina and the silica phase. The growth rate is 

controlled by the diffusion of aluminium and silicon ions through the mullite layer formed [51]. 

 

Sacks and Pask [57] observed different factors influencing the sintering process of powders 

including starting powder characteristics, heating conditions and molar ratios of alumina and 

silica. They found out that an increase in grinding time of powder breaks agglomerates and 

produce free surface areas effective to achieve homogeneous compositions and improve the 

sintering characteristics. Another important factor is the sintering atmosphere, in which mullite 

was observed to decompose or enrich under reducing (carbon monoxide or hydrogen or helium 

gas) and oxidizing (oxygen) conditions, respectively [18]. At high temperatures (i.e. from 1650 °C 

to1800 °C) in reducing conditions carbon dioxide or hydrogen react with mullite and subsequent 

formation of gaseous reaction products are created according to Eqn. (2.3) and Eqn. (2.4) 

 

                                                     (2.3) 

 

                                                   (2.4  

 

The loss of silica leaves a porous product of alumina on the surface layer and prolonged 

exposure decreases the material density and strength. This explains the poor resistance of 

mullite refractory bricks in reducing atmospheres [62, 63]. In Comparison, repeated heating of 
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mullite-corundum in oxidizing atmospheres (synthetic air) enhanced the sintering process, and 

mullite formation increases owing to the reaction of corundum with silica [64]. 

 

Mullite produced from solid state derived methods shows low strength and fracture toughness 

caused by defects from clay minerals [20]. Mullite materials such as bricks, crucibles and tubes 

have been produced with a decreased quality of the mullite ceramic due to high processing 

temperatures, defects and relatively large grain size of starting materials [65]. 

 

2.5.2 Fused-mullite (liquid-state-processed mullite) 

Fused mullites are produced by melting of Al2O3 and SiO2 powders or raw materials containing 

Al and Si precursors, in electric furnace above 2000 °C. Some examples of raw materials used 

include alumina from the Bayer process, quartz sand, and fused silica. Melts obtained from the 

mentioned aluminium silicates were poured into ingot molds and cooled to room temperature [1]. 

The crystallization temperature and cooling speed determined its chemical composition, and to 

some extend the starting materials as well. The impurity content depends on the initial raw 

materials, and very high melting temperatures are required [19]. Mullite produced with these 

methods shows a high density (3.3 g cm-3), a low porosity (1%) and a small amount of glassy 

phase due to incomplete crystallization [23]. 

 

Fused-mullite with a composition of 76 mol.-% Al2O3 is reported richer in alumina compared to 

60 mol.-% Al2O3 for solid state derived mullite. Fused-mullites with compositions in the range of 

2/1-mullite are produced for commercial applications, with a low amount of glass compared to 

that produced by solid state reactions. The crystal sizes for sinter-mullites are controlled by the 

firing temperature, the duration of firing and the composition of the raw materials. In comparison, 

the crystal size of fused-mullite is a function of the cooling conditions of the reaction bath. 

Relatively large variations of the microstructure are reported for fused-mullites compared to 

sinter-mullite which have a homogeneous microstructure [3, 24]. The starting material 

characteristics and processing techniques present a large variation in microstructure and 

mechanism of liquid and solid state derived mullites [1, 66]. 

 

The reactions pathways of alumina and silica powders have been used to evaluate the 

mechanisms of powder route processing, described as reaction sintering of alumina and silica 

precursors. Several authors [18, 67] reported reaction sintering of mullite precursors. Johnson 
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and Pask [59] observed mullite crystal formation on α-Al2O3 grains by diffusion of Al and Si ions. 

Following their observations, mullite formation mechanisms have been evaluated by a number of 

authors in those systems including quartz-alumina, silica-glass-alumina and cristobalite-alumina 

at different temperatures up to 1700 °C, see Figure 2.6 [69-75]. 

 

 

 

Figure 2.6: Reaction sintering mechanism: (left) quartz-alumina, (middle) silica-glass-alumina 

and (right) cristobalite-alumina 

 

The authors observed that the reaction rate and the densification rate depend on the reactant 

type and to some extent on the particle size of the starting materials. They found that mullite 

formation is a multiple-step process identifying regions of mullite nucleation and mullitization 

described in terms of stages in [3]. Mullite nucleation occurs between 1450 °C and 1470 °C, 

followed by a region with a high reaction rates from 1470 °C to 1530 °C. The formation rate then 

decreases with increasing temperatures from 1530 °C to 1580 °C, due to almost complete 

crystallization of the silica glass phase to the less reactive cristobalite [68]. Diffusion barriers are 

formed at the contact areas of silica and alumina compounds, due to mullite formation at their 

interfaces. The mullitization rate increases again at temperatures >1650 °C. This is associated 

with a rapid liquid-phase controlled mullitization enabled by the melting of residual cristobalite 
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grains [69]. Significant differences in terms of densification, nucleation and mullitization are 

determined based on different material systems and processing strategies; the main ones are 

presented as follows. 

 

In the quartz-alumina system (Figure 2.6 (left)), the reaction of peripheral quartz grains start 

melting at <1100 °C, since the mother quartz material contains a small amount of impurities, a 

glass is formed which enables sintering at this low temperature [70]. Figure 2.7 (left) represents 

the variations in the silica compositions with increasing temperatures for the mentioned systems. 

The glass formation with simultaneous densification starting at lower temperatures is observed 

for quartz-alumina and silica glass-alumina systems compared to the cristobalite-alumina system 

with initial densification starting above 1400 °C, shown in Figure 2.7 (left). Initial mullite formation 

in the quartz-alumina system was observed at 1470 °C compared to higher temperatures in the 

other systems due to the densification enabled by impurities at lower temperatures (i.e. alkali 

metals), see Figure 2.7 (bottom-left) [71]. 

 

  

Figure 2.7: (Left) Glass phase reactions: Quartz-alumina (bottom), silica glass-alumina (middle), 

cristobalite-alumina (top) and (right) densification of alumina and silica [3] 

 

In the silica glass-alumina system (Figure 2.6 (middle)), amorphous silica transformed to 

cristobalite and coexists from 1450 °C to 1650 °C with an amorphous silica-rich liquid phase 
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formed above 1550 °C. The mullite formation started above 1500 °C and slowed down from 

1550 °C-1600 °C, and increased rapidly above 1600 °C according to the changes in the silica 

amount controlled by heat treatment (Figure 2.7 (middle-left)). At approximately 1450 °C, the fine 

alumina particles penetrate into the viscous silica particle surfaces represented in Figure 2.6 

(middle). The mullite formation was observed at 1500 °C by the reaction of alumina with silica 

particles [71]. The alumina particles adhere strongly, and the surfaces of the silica particles 

became rounded with increasing temperatures. The silica glass starts to transforms to 

cristobalite. The mullitization occurs by the reaction of cristobalite with corundum above 1500 °C. 

Newly formed mullite grains grow developing a ring-like mullite grain around the former silica 

glass particles. This creates barriers that increases the diffusion distances for Al and Si ions and 

reduces the mullitization rate. A temperature increase above 1600 °C enables rapid liquid-phase 

assisted sintering which caused melting of cristobalite and promotes further mullitization with 

pore evolution as observed in [71, 72]. 

 

For the cristobalite-alumina system in Figure 2.6 (right), the densification occurs at 1300 °C by 

the rearrangement of cristobalite and corundum particles under mullite formation similar to the 

silica-glass-alumina system as described previously. This system showed formation of contact 

points and the mullite formation with the formation of neck areas above 1500 °C. Alumina 

particles attached onto the cristobalite particle surfaces by the neck formation showing a low 

degree of shrinkage as compared to the silica-glass-alumina system. These particles form 

contact points allowing for diffusion of ions giving rise to the growth of the neck areas. At 

temperatures higher than 1600 °C, cristobalite melts. Above 1625 °C, cristobalite is converted 

into a silica-rich liquid phase which improves the densification by liquid-phase-assisted sintering. 

A secondary densification after mullitization is reported to occur in cristobalite-alumina systems 

but not in the silica-glass-alumina system [73]. 

 

Figure 2.7 (right) represents the densification curves for quartz-alumina, silica glass-alumina and 

cristobalite-alumina systems. The quartz-alumina system showed intense shrinkage from 

1000 °C-1400 °C due to assisted liquid phase densification indicated by the high amount of 

glass formed in this region, Figure 2.7 (bottom-left). The shrinkage decreases to 1520 °C to 

approximately zero due to the mullite volume increase. Less shrinkage and densification occur in 

cristobalite-alumina systems prior to 1450 °C. An increase in temperature to 1520 °C and a 

higher shrinkage rate enabled by solid-state diffusion sintering reaction were observed. At 
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temperatures above 1650 °C, the densification rate increased through liquid-phase sintering 

enabled by the fusion of cristobalite grains, Figure 2.7 (top-left). The system silica glass-alumina 

shows higher densification rates at lower temperatures compared to cristobalite-alumina, Figure 

2.7 (middle-left). The silica glass content drops in a temperature range from 1400 °C to 1520 °C 

followed by the transformation to cristobalite. A liquid-phase or semi viscous assisted sintering 

process characterized the quartz-alumina and silica-glass-alumina system at temperatures 

≤1500 °C. Solid-state diffusion is the major sintering mechanism for the cristobalite-alumina 

system at this temperature. The mullite formation rate up to 1530 °C is higher in the silica glass-

alumina system and the quartz-alumina system than in the cristobalite-alumina system due to 

intense the pre-mullite viscous flow densification with shorter diffusion paths for Al and Si ions. 

At higher temperatures (>1600 °C) liquid-state assisted mechanisms for the different systems 

with approximately 80 % (silica-glass-alumina) and 90 % (cristobalite-alumina) mullite formed at 

1700 °C were observed. Above 1750 °C, all samples showed almost complete mullitization [74]. 

 

2.5.3 Mullite from chemical routes 

Chemical synthetic routes are promising techniques when lower processing temperatures and a 

homogeneous microstructure is required. For the manufacturing of synthetic mullite, different 

routes such as sol-gel processing, co-precipitation, chemical vapour deposition, and processing 

with different precursor materials may be applied [3]. An overview of these routes and some 

mechanisms are reviewed as follows. 

 

Sol-gel processing routes 

These methods deliver uniformity of starting materials and enable the control of the local phase 

distribution through atomic and nano-scale mixing of the reactants resulting in an improved 

microstructure and homogeneous material properties. Sol-gel processes make use of precursors 

to be mixed and brought out of solution either as a colloidal gel or polymerized macromolecular 

SiO2-Al2O3 network while retaining the water. The water serves as transport medium and 

provides hydrolysis conditions, and can be desiccated off leaving behind a solid with some level 

of porosity [75, 76, 77]. Parts and forms of materials with controlled compositions and purities 

may be achieved more efficient as compared to powder processing routes [78, 79, 80]. Three 

types of precursor gels have been postulated for mullite crystallization by sol-gel processes: 
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 type I precursor (single-phase gel) in the as-prepared state is amorphous and transforms 

to mullite at temperatures at about 950 °C. It can be prepared from organosilicon and 

organoaluminium compounds. The diffusion is slow and the densification is difficult due 

to low processing temperatures [61]. 

 type II precursor (diphasic mullite precursors) in the as-prepared phase contains pseudo-

boehmite and amorphous silica. Pseudo-boehmite transforms into the spinel phase at 

about >400 °C and to mullite >1250 °C, and it is derived from colloidal precursor 

suspensions [79, 81]. The structural transformation of type II mullite shows the 

development of a spinel-type transition alumina and mullite formation below 1200 °C and 

above 1250 °C, respectively [82]. 

 type III precursor is amorphous in the as-prepared state and is preceded by the formation 

of weak crystalline transient alumina as cubic Al-Si spinel or γ-Al2O3 at 980 °C, which 

then reacts with amorphous silica to form mullite at <1200 °C. It can be prepared from 

mixtures of TEOS and aluminium-sec-butylate [83]. 

The reaction kinetics for the mullite formation varies according to the different gel precursors and 

the methods employed. Mechanisms for mullite formation from the different gels have been 

studied using X-ray diffraction and differential thermal analysis (DTA). Mullite formation from a 

single gel is based on a nucleation-controlled growth mechanism with an initial mullite formation 

temperature of about 980 °C compared to mullite formation in diphasic precursors, which shows 

a diffusion-controlled growth mechanism with initial mullite formation temperatures of up to 

1250 °C [61]. In sol-gel processes, the desired stable phases are obtained through a careful 

selection of materials and processing conditions, and they have been evaluated based on 

different starting materials. The effect of processing conditions (i.e water amount, catalyst type 

and solvent type) is reviewed in connection with some mechanisms, followed by an overview of 

the different sol-gel processes (i.e. solution-plus-solution, solution-plus-sol and sol-plus-sol 

processes). 

 

In the processing of the mentioned precursors gels, results have been obtained regarding 

precursor hydrolysis, condensation, cross-linking, and crystallization behaviour, which are linked 

to the precipitation of the sol species as aggregated particles, precipitation of un-aggregated 

particles, and formation of a homogeneous gel [84]. The difference in the reactivity of the metal 

alkoxides with water makes it difficult to control the homogeneity and composition of the 

resultant mullite due to phase segregation effects. In Eqn. (2.5) to (2.8) and Figure 2.8, the 
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overall reactions for hydrolysis (Eqn. (2.5)), condensations (Eqn. (2.6) to (2.7)) and reaction 

mechanisms (Figure 2.8) of metal alkoxides in sol-gel systems for mullite synthesis are 

presented, which shows the formation of silica glass (Eqn. (2.7)) and mullite (Figure 2.8). 

 

                                 (2.5) 

 

                                             (2.6) 

 

                                                             (2.7  

 

                                                   (2.8) 

R: alkyl groups, Eqn. 2.5: hydrolysis, Eqn. 2.6 to 2.7: condensation 

 

In the processing, water is used as a hydrolysis medium and acids (e.g. hydrochloric acid) or 

bases (e.g. ammonia) are added as catalysts for hydrolysis of the alkoxides, and the process is 

carried out at room temperature. It requires moderate temperature to age the gel, and to remove 

the water and solvents [85]. 

 

The reaction mechanisms for acid catalysts or base catalysts are schematically shown in Figure 

2.8. Under acidic conditions hydrolysis is predominant over condensation reactions. The 

formation of protonated silanol species are favoured, but inhibits some nucleophiles. This results 

in a high solubility of metal inorganic salts or alkoxides precursors in such gels. A short ageing 

time and slow evaporation of the solvent is observed with dense materials achieved and some 

small pores under acidic conditions [3]. 

 

In basic conditions hydroxyl ions (OH-) and deprotonated silanol groups are better nucleophiles 

than water and silanol species in acidic conditions. There is a fast attack on the silicon atom, 

hydrolysis and condensation occur simultaneously. Large amount of water is used, with low 

solubility of metal inorganic salts or alkoxides precursors. A long ageing time and rapid solvent 

evapouration is observed with particular gels with high porosity. The polymerization behaviour of 

metal alkoxides or inorganic salts in basic solution represents a growth in size and a decrease in 

the number of particles, while in acidic solutions particles aggregate in three dimensional 

networks and form gels [41]. 
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Figure 2.8: Hydrolysis reactions between the silicon alkoxide and water with an acid catalyst (a), 

base catalyst (b), and (c) cross linking reactions between silanols and Aluminium 

hydroxide at the hydrophilic surface with the formation of ≡Si-O-Al= bonds. OR = 

ethoxy or methoxy groups [86] 

 

Steric hindrance affected by bulky alkoxide groups of silicon and aluminium reduces the reaction 

rate and lead to chemical in-homogeneities at an atomic level, and the mullite crystallization 

starts at higher temperatures [7, 87]. According to Eqn. (2.6), Si(OR)3(OH) in the presence of a 

basic catalyst (e.g. ammonia) is more susceptible to attacks by the hydroxyl radical than those of 

Si(OR)4 due to a reduced electron density. Hence Si-O-Si bonds are easily formed during ageing 

with functional groups with reduced steric hindering as described in Eqn. (2.7). The OH groups 

at the hydrophilic surface of the silanol and aluminium hydroxide under influenced of heat 

undergoes condensation with elimination of water under the formation of ≡Si-O-Al= bonds, 

schematically shown in Figure 2.8. For example, delayed or accelerated polymerization of silica 

affects the structural arrangement of SiO4-tetrahedra within the mullite structure differently [88]. 
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Polymeric gels or gels with less bulky alkoxy groups showed short-rate diffusion through the 

mixed precursors with crystallization of the spinel-type phase and mullite occurs at 980 °C. 

Colloidal gels containing bulky alkoxy groups require long-diffusion. Mullitization does not occur 

from mixtures of amorphous silica and transitional alumina until temperatures are more than 

1250 °C [8]. On the other hand, if an acidic catalyst is used, the Si(OR)4 species are much more 

susceptible to the attack by the OH- ions [1]. 

 

Paulick et al. [89] evaluated the role of the pH value, the reaction time and the temperature for 

mullite gels using aluminium isopropoxide and TEOS precursors. They reported that intimate gel 

mixing occurs at low pH values where the hydrolysis predominates over condensation [85]. The 

effect of the pH value on mullite synthesized from single gels and diphasic gels were reported by 

Chakraborty [90] and Lee et al. [85]. The former authors showed that when the pH value was 

between 4 and 4.5, mullite crystallization was observed at 980 °C and is shifted to higher 

temperatures in diphasic gels with pH ≤1 or ~14. This happens because the silica sol loses its 

stability rapidly due to the diminution of the negative charge of the sol by the Al3+ ion. In the later 

case, samples prepared from aluminium nitrate nonahydrate and colloidal silica sols showed that 

when the pH value was less than 2, granular mullite was found at a temperature of 1200 °C 

compared to temperatures higher than 1200 °C for a pH value greater than 8 [7]. 

 

Fourier transform infrared spectroscopy (FTIR) studies of gels prepared from boehmite and 

TEOS in the temperature range from 400 °C to 1000 °C showed the presence of nanostrcutured 

alumina, silica and alumina-silica agglomeration in the amorphous state. The presence of tetra-

coordinated and octa-coordinated aluminium were also found below 1000 °C. This indicates the 

formation of transitional spinal phases, which were characterized by DTA and XRD methods [91, 

92]. Samples sintered in the range from 1200 °C to 1300 °C have shown an increased intensity 

for ≡Si-O-Si≡ (see Figure 2.8 (a, b)) and ≡Si-O-Al= (see Figure 2.8 (c)) bands [93]. Different 

starting materials have been used with the addition of acidic catalysts or base catalysts and 

solvents for sol-gel mullite processing, as reviewed in [94]. 

 

Starting materials of mixtures of sols, salts and admixtures of sols and salts have been used to 

evaluate the mechanism of the formation of sol-gel-derived mullites. The reactivity of the 

different sol-gel starting materials such as aluminium nitrate nonahydrate, aluminium 

isoproproxide and boehmite and silica alkoxides such as tetraethylorthosilicate and 
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tetramethylorthosilicte in the presence or absence of solvents (e.g. methanol, 1-propanol, 1-

butanol and ethylene glycol), catalysts (e.g. hydrochloric acid, ammonia solution) and water are 

listed in Table 2.3. A review of the different sol-gel processes is discussed below, classified into 

solution-plus-solution, solution-plus-sol and sol-plus-sol processes [1]. The schematic model for 

the different sol-gel mechanisms proposed for the nucleation and growth of mullite is 

represented in Figure 2.9, and it has been used to classify the mixing behaviour of the 

aforementioned sol-gel processes. 

 

Table 2.3: Mullite manufactured by sol-gel methods 

Reactants Temp. 

[°C] 

Formed phases 

silica sols + alumina sols + HCl 1200 spinel → mullitex [95] 

aluminium salt + silica sol 1000 spinel → mullite (above 1200 °C) [96] 

monosilicic solution + Al(OH)3 sol 980 tetragonal-like mullite (980 °C) [96] 

TEOS + Al(OC4H9)3 + alcohol + 

water 
1200 

spinel → orthorhombic mullite [97] 

TEOS + ANN + ethanol 980 tetragonal mullite [98] 

TEOS + ANN + water + NH3 
1300 

tetragonal mullite + spinel (1200 °C) → 

tetragonal mullite [97] 

TEOS + ANN + water + urea 
1300 

tetragonal mullite (980 °C) → 

orthorhombic mullite [99] 

TEOS + AIP + ethanol + water 
1200 

spinel + orthorhombic mullite (1000 °C) 

→ orthorhombic mullite [52] 

TEOS + boehmite + water 1250 spinel → orthorhombic mullite [100] 

TEOS + AlCl3∙6H2O + water + 

alcohol + NH3 1350 

δ-alumina → (δ,θ)- alumina → mullite + 

(δ,θ)- alumina (1250 °C) → mullite 

[101] 

colloidal silica + ANN + water 1200 θ- alumina → mullitex + cristobalite [85] 

colloidal silica + Al2(SO4)3 + Urea 1000 spinel → mullitex (1400 °C) [102] 

silicic acid + ANN + urea 
1300 

tetragonal mullite (980 °C) → 

orthorhombic mullite [99] 

AIP: aluminium isopropoxide (Al(OC3H7)3, ANN: aluminium nitrate nonahydrate (Al(NO3)3.9H2O, 

X: mullite type not specified 
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Mullite processed from mixtures of salts is termed solution-plus-solution [1], see Figure 2.9 (a). 

Ewell et al. [103] added sodium silicate drop wise to aluminium sulphate followed by the addition 

of sodium hydroxide for precipitation. The mullite formation was observed by thermal analysis 

possessing an exothermic peak at 980 °C. Ossaka [104] used sodium silicate and potassium 

aluminium sulfate [KAl(SO4)2∙12H2O], and reported crystallized pseudo-tetragonal mullite at 

1250 °C after 5 h, found with x-ray diffraction analysis (XRD). Other preparation techniques were 

carried out with chlorides for both components and an ammonia solution was used to precipitate 

the components in order to avoid alkali ions included in the mullitization process. 

 

                                            (2.9) 

 

                        (2.10) 

 

 

Figure 2.9: Schematic models for mullite starting materials prepared by: (a) Sol mixing (b) 

hydrolysis of alkoxides (c) mixing of clay minerals and alumina (d) composite 

particles (e) spray pyrolysis (f) co-precipitation 

 

The sodium oxide as an impurity reacts with mullite above 1200 °C as shown in Eqn. (2.9) and 

Eqn. (2.10) generating carnegieite (N2O∙Al2O3∙2SiO2) and alumina or may react with cristobalite 

with the formation of a sodium silicate glass phase [1, 20]. This might improve impermeability of 

the refractory layers at temperatures below 1200 °C against further infiltration or create internal 

stresses and expansion at higher temperatures leading to damage of the refractory layer [105]. 
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The use of silicon chlorides had some disadvantages due to its instability and difficulty to control 

the stoichiometry. 

 

Mazdiyasni et al. [106] used aluminium tris-isopropoxide (Al(OC3H7)3 and silicon tetrakis-

isopropoxide (Si(OC3H7)3 and reported a mullite precursor with extensive mullite formation in the 

temperature range from 1200 °C to 1700 °C. Aluminium silicate powders were prepared from 

benzene solutions of aluminium isopropoxide and tetramethyloxysilane (TMOS) with water or 

aqueous ammonia solutions. Powders prepared with water transform to type I mullite precursors 

above 980 °C while powders prepared with aqueous ammonia solution transform to type III 

mullite precursors below 1200 °C [1]. 

 

Ismail et al. [107] mixed alumina and silica sols at pH 5-6 where heteroflocculation occurs. They 

presented a schematic model shown in Figure 2.9, with variations in mixing behaviour with 

different starting materials. Mullitization started at 1200 °C to 1300 °C. A good chemical 

homogeneity was reported and it was attributed to molecular mixing of silicon and aluminium 

alkoxide precursors [95]. 

 

Okada et al. [83] dissolved TEOS and aluminium nitrate in ethanol followed by addition of 

ammonium hydroxide. At neutral pH value alumina nuclei were formed as the inner core with a 

surrounding silicon-rich shell; see Figure 2.9 (e).They reported a γ-alumina phase at 980 °C and 

extensive mullitization upon heat treatment at 1115 °C for 24 h. 

 

Mizukami et al. [108] evaluated the effects of ligands and solvents on mullitization using TEOS 

and aluminium dibutoxide ethylacetoacetate. They observed mullitization in the presence of 

different ligands and solvents to be improved with intense mixing. A low mullitization temperature 

is possible with high reactivity to form ≡Si-O-Al= bonds when organic ligands were used as 

starting materials. Nogami et al [109] used TEOS and aluminium isopropoxide, and they 

reported the importance of water for the formation of ≡Si-O-Al≡ double alkoxide complexes. 

Monophasic gels synthesized by Voll et al. [92] from TEOS, aluminium sec-butoxide and 

isoprpanol, was study with FT-IR method. They observed that the water molecules in the pores 

adhered to the precursor surface and leave by evaporation with organic material at above 400 

°C. A high degree of dehydration of the precursor network and the recombination of OH groups 

to water molecules occur between 600 °C and 700 °C. Part of the recombined water is 
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entrapped in closed pores. Microfracturing of the precursor due to high vapour pressure enables 

the evapouration process through the micropores. Above 900 °C, the precursor becomes nearly 

free of water [7]. 

 

Mixtures of sols and salts were reported, termed solution-plus-sol processes for mullite synthesis 

[110]. Mullite was observed to form composite particles, see Figure 2.9 (d). The precipitation of 

salt components occurs on the sol particles forming heterogeneous nucleation sites. Mullite 

synthesized with these methods showed the formation of layered particles [111]. Yoldas [93] 

observed the formation of ≡Si-O-Al= bonds followed by polymerization of aluminium butoxide 

dispersed in TEOS, mullite was found above 1300 °C. Hoffman et al. [21] used boehmite sol 

dispersed in alcohol solution of TEOS, reported mullite formation at about 1350 °C. In other 

studies similar mullitization patterns were found in the temperature range between 1000 °C to 

1500 °C [78]. This method allows the processing of mullite matrix composite particles. The 

mechanism was described as a transient viscous sintering (TVS) mechanism of composite 

particles. It is shown schematically in Figure 2.10, -alumina (0.2 µm) particles are coated with 

SiO2 layers suspended in ethanol solution containing TEOS. TEOS was hydrolyzed by adding 

ammoniated water and the silica components precipitates to form composites [111]. 

 

 

Figure 2.10: Concept of the composite particles formation and the sintering mechanism of mullite 

composites [111]  

 

They reported viscous amorphous silica layers in the temperature range from 1100 °C to 

1300 °C prior to cristobalite formation. Mullitization was observed due to the rearrangement of 

particles similar to the reaction mechanism for reaction sintering of silica glass and alumina [71]. 

Extensive mullitization occurred at 1500 °C [111]. The samples remained fully dense after 

mullitization with a fine-grained microstructure. A slow reaction occurred since an average 

distance of 0.1 µm was necessary for the diffusion of silicon atoms into α-Al2O3 for mullite 
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formation. Compacted mullite precursors with transiently densified α-Al2O3 particles and SiO2 

glass increases the mullite nuclei concentration and showed an increased mullite formation rate 

[112]. Bartsch et al. [113] produced dense mullite ceramics with processing temperatures as low 

as 1300 °C using silica coated γ-Al2O3 nano-composite particles. This method was also used for 

processing of mullite-SiC and mullite-ZrO2-Al2O3 composites [102, 114]. 

 

Mullite was also prepared from mixtures of sols described elsewhere as “Sol-plus-sol process”, 

see Figure 2.9 (b). Starting materials of mixtures of sols with particle sizes from ten to several 

nanometers were used [1]. Alumina or silica sols were obtained by the dispersion of 

corresponding precursor materials containing Al and Si ions as main constituents. An adequate 

pH range of 2 or 9-10 was shown to be appropriate for intimate mixing of alumina and silica sols, 

where high sol stability was achieved. An increasing pH value in the range of 6 to 7 is reported 

where hetero-flocculation of alumina and silica particles occurs with diffusion of silica into the 

alumina structure, studied by XRD measurements [115]. Schneider et al. [94] reported a 

retarded mullitization with large silica-rich areas at pH values greater than 10. Sols made of γ-

alumina and silica where mixed and gelled by solvent evaporation; mullitization occurred at 

1450 °C. Other authors found the mullitization temperature to increase up to 1550 °C with sols 

mixed and heat-treated without gelation, the increased in temperature was linked to segregation 

of the two components with prolonged mullitization [57, 116]. 

 

Diphasic gel precursors of mullite were manufactured by mixing silica and boehmite sols and 

dispersing in ethanol. DTA analysis revealed a peak at 1250 °C while XRD data indicated the 

presences of boehmite in the as-prepared gel with mullitization at 1300 °C [21]. Mullitization was 

also described for diphasic gels in the temperature range from 1200 °C to 1350 °C [1]. For sols, 

the starting material has a significant influence on the mullitization behaviour. Polymeric 

precursors transformed to mullite from the amorphous state at about 980 °C, and colloidal gels 

transform at higher temperatures as shown by DTA, XRD, 29Si and 27Al MAS NMR spectroscopic 

investigations [78, 88]. 

 

Doping of starting materials is a suitable method to reduce the activation energy for the 

mullitization in mullite precursors by the intensification of the nucleation process. Doping results 

in the reduction of the viscosity of amorphous silica, promotes higher diffusion rates, accelerates 

the nucleation and the crystal growth of mullite [70, 52]. Tkalcec et al. [117] used a multi-



27 

 

component silicate glass and they reported mullitization at 800 °C. The activation energies were 

below 500 kJ mol-1. For example manganese-dope mullites were synthesized from metal organic 

materials by a modified sol-gel technique at temperatures ≥ 700 °C [52]. 

 

Mullite formation in diphasic gels was reported to possesses an activation energy of 1070 kJ 

mol-1 [118]. The activation energy is significantly higher than in monophasic gels [119]. A 

diffusion rate-limiting model for mullite formation which occurs either by interface-controlled 

diffusion or by short-range-diffusion based on molar ratios of precursors was derived. It was later 

supported by Li and Thomson [61], who found mullitization at approximately 1213 °C to be 

nucleation rate controlled and becomes diffusion rate controlled above 1400 °C. Sundaresan 

and Aksay [60] re-examined the aforementioned processes and suggested a dissolution and 

precipitation mechanism instead of an interface and diffusion controlled process as derived by 

the aforementioned authors. In their observations, the Al2O3 dissolves in the silica phase and 

mullite nuclei formation occurs when the amorphous aluminosilicate phase exceed a critical 

concentration. Mullite nucleation within non-crystalline silica indicates the dissolution of A2O3 as 

a rate controlled step in the mullite formation. They predicted a dissolution rate controlled 

process below 1350 °C and a diffusion rate controlled process above 1650 °C with sapphire and 

silica reactants [51, 73]. Other studies reported nucleation and growth of mullite within siliceous 

phases. The mullite formation mechanisms at higher temperatures are dominated by chemical 

diffusion within the mullite grains. The reactions during the primary phase of the mullite formation 

are controlled by the dissolution of alumina into the siliceous phase followed by a second stage 

of chemical diffusion controlled by the amount of the alumina phase [61, 120]. 

 

Spray pyrolysis 

Spray pyrolysis methods with atomization of precursor solutions into droplets driven through a 

furnace were used for mullite synthesis. Spraying droplets of solutions containing aluminium and 

silicon species, into a hot chamber includes the evaporation of solvents, the thermal 

decomposition and the polymerization of the precursors. Rapid reaction processes suppress de-

mixing effects. Homogeneous mullite precursor powders prepared by spray drying from aqueous 

solution of aluminium nitrate and TEOS transform directly to mullite at 1000 °C. This method is 

suitable for the preparation of multi-component ceramics; it makes use of spherical shaped 

mullite powders ranging from submicron to micrometer size, see Figure 2.9 (e). This method 

makes use of expensive atomizers and ultrasonicators for droplet formation. Other preparation 
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methods are reported in [1], until Baranwal et al. [121] used flame pyrolysis and observed 

crystalline mullite to be found at ~900 °C. 

 

Chemical vapour deposition (CVD) method for mullite synthesis 

Chemical vapour deposition methods make used of a vapour-phase for mullite formation. It 

produces mullite powders with little agglomeration, submicrometer-sized primary particles, and 

regular particle sizes. Silicon chlorides and aluminium chlorides are evapourated and 

transported to a mixing zone, and sprayed into a heated zone. Nitrogen is the carrier gas. The 

reactants are heated by a hydrogen-oxygen combustion flame and the temperature is 

approximately 1900 °C The temperature gradually decreases through the reaction zone and 

drops down to approximately 900 °C at the exit. Powders obtained show spherical shape with a 

particle size of about 40 nm to 70 nm. Mullitization occurred extensively at 1000 °C but complete 

mullitization requires temperatures to 1500 °C. DTA revealed double exothermic peaks at 

1000 °C attributed to meta-stable liquid immiscibility in the Al2O3-SiO2 system during cooling 

[122]. The use of a counter flow diffusion flame burner was exploited, in which fuel (hydrogen 

and nitrogen), chlorides, and the oxidants flows (oxygen and nitrogen) were mixed and sprayed 

to the combustion flame. Amorphous spherical powders from 20 nm to 30 nm in size were 

obtained using a low temperature flame compared to 40 nm to 70 nm in size obtained for high 

temperature flame [123]. This technique was also used for the deposition of mullite coatings on 

silicon nitride and silicon carbide substrates. The deposited films were amorphous and 

crystallized to mullite by sintering at 1100 °C for 2 h [124]. 

 

2.5.4 Hydrothermally produced mullite 

Mullite sols may also by produced by reactions in an aqueous solution with simultaneous 

application of heat and pressure. This method provides control of the particle size and 

morphology by varying the synthesis conditions. Nanostructured powders possess better 

chemical homogeneity due to a different nucleation and particle growth, and they have a better 

sinterability at lower temperatures [125]. Somiya et al. [56] produced mullite precursor powders 

from aluminium isopropoxide and TEOS. The precursors were dissolved in benzene and 

refluxed for 5 h at 80 °C, followed by hydrolysis and condensation under hydrothermal 

conditions. The obtained mixtures were washed to remove alcohol and benzene followed by 

another hydrothermal treatment at 600 °C under a pressure of 20 MPa. The precursors were 
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calcined and no viable mullite powders were observed. Suzuki et al. [126] examined the phase 

changes of powders from mixtures of alkoxides or sols hydrothermally treated. They found a 

spinel phase after firing hydrothermally treated mixtures at 600 °C. Mullitization was observed 

after firing at 1300 °C for 1 h. 

 

2.5.5 Gel-casting methods for the mullite synthesis 

Gel casting of mullite ceramics allows the combination of ceramic processing with polymeric 

compounds. This involves the dispersion of ceramic precursors into monomeric solutions and 

casting of the suspension into different forms. This method forms green bodies with improved 

mechanical strength, allows pore network formation, machinability, by combination with other 

techniques and to some extend sacrificial template addition [127]. Mullite was manufactured 

from SiO2 coated alumina particles with mono-functional methacrylamide (MAM) and difunctional 

monomers methylene bisacrylamide (MBAM). Mullitization occurred at 1550 °C [128]. 

 

According to the sol-gel processing mechanisms, the above reactants are converted to a sol 

either by adjusting the pH values which causes flocculation or to evapourate the solvent and 

concentrate the sol to transform it into a gel. Heat application led to the transformation from the 

amorphous state via a spinel-phase to crystalline mullite. Polymeric gels were observed to 

transform above 980 °C to mullite while the mullitization temperatures of colloidal gels change to 

about 1200 °C and is accomplished in the temperature range from 1350 °C to 1500 °C. The 

reduction of the particle size and intimate mixing in the sol-gel system reduced the mullitization 

temperatures, and different microstructures and properties were reported [1, 3]. 

 

2.6 Properties and applications of mullite 

The applications of mullite ceramics are influenced by different factors such as grain boundaries, 

glass phase amount, grain size, density and porosity [5, 8]. Recent studies discussed in [53] 

have developed the relationship between mullite properties and the aforementioned factors. The 

mechanical (Table 2.5) and thermal (Table 2.6) properties of mullite are controlled by the 

mentioned factors. These properties vary according to the different gel precursor types used for 

sol-gel mullite processing as listed in Table 2.3, generating dense and porous mullite types. 

Dense and compact mullite materials possess high flexural strength. Porous mullite shows a 
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reasonably strength combined with low thermal expansion suitable for thermal shock stability [3, 

129, 130]. 

 

A complete densification of gels leads to mullite with a homogeneous microstructure, which 

improved the optical and the mechanical properties. It has been shown that an earlier formation 

of mullite retards the densification process. Complete densification prior to mullitization might be 

the best method to achieved mullite with no segregated phases. Monophasic gels crystallized at 

lowered temperatures compared to diphasic gels. The densification is more difficult in 

monophasic gels, and segregated phases may form which influence the optical and the 

mechanical properties of processed mullite ceramics [82, 131, 132]. Though, mullite crystallized 

from completely densified gels is required for excellent mechanical properties, but mullite 

ceramics with some porosity have outstanding properties for high temperature catalysis and 

separation applications. Porosity in mullite leads to a reduction of the thermal expansion 

coefficient [133, 134]. Mullite properties derived from different gel precursors containing TEOS 

as a silica source and different alumina precursors were evaluated see Table 2.4. Mullite 

prepared from aluminium nitrate nonahydrate had a higher strength, higher Vickers hardness 

and lower fracture toughness compared to the other compositions [135].  

 

Table 2.4: Properties of sol-gel mullites derived from different starting materials [135] 

Property TEOS + ANN TEOS + γ-Al3O3 TEOS + boehmite 

grain distribution bimodal monomodal monomodal 

average grain size [μm] 5-7 0.6 1.3 

HV [GPa] 13.5±0.2 12.5±0.2 12.9±0.2 

Kic [MPa m0.5] 1.7±0.1 1.9±0.2 1.9±0.2 

 [MPa] 261 204 246 

Weibull parameter [m] 13.6 12.1 4.4 

where HV: Vickers hardness, Kic,: fracture toughness, σ: flexural strength 

 

Mullite material properties with respect to other investigations are reported, see Table 2.5. The 

variations in the properties are linked to the starting materials and synthesis method discussed 

in [1, 3]. Additionally, higher values of the listed properties in Table 2.5 were obtained from 

dense mullite (approximately 95 % dense) while lower values are obtained from porous mullite 

[5]. 
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Kanzaki et al. [136] published a flexural strength of 360 MPa from spray pyrolysis-derived 

alkoxides at room temperature. Others reported at same temperature a higher flexural strength 

being in the range of 400 MPa to 500 MPa, starting from commercial high purity sol-gel mullite 

materials [137, 138]. 

 

A tendency of increasing strength and fracture toughness with the decrease of porosity was 

observed. Flexural strength for mullite ceramics were reported to decrease from 500 MPa to 100 

MPa corresponding to an increase in porosity from 1 % to 15 %. The fracture toughness was 

observed to decrease from 3 MPa m0.5 to 1 MPa m0.5 in the given porosity range, and details are 

given in [139, 140, 141] 

 

The alumina content in mullite ceramics is reported to influence the mechanical properties. 

Strength values vary according to different mol.-% of alumina. The flexural strength changes 

from 150 MPa to 250 MPa at 46 mol.-% alumina, increases from 350 MPa to 450 MPa between 

54 mol.-% alumina and 61 mol.-% alumina, and slightly decreases from 250 MPa to 350 MPa at 

67 mol.-% alumina [142, 143]. 

 

Table 2.5: Mullite mechanical properties (at room temperature) 

Properties Measured values Ref. 

density, [g cm-3] 3.16-3.22 [1] 

microhardness, [GPa] 5-10 [144] 

fracture toughness, [MPa m0.5] 2.8-3.0 [3] 

Young’s Modulus, [GPa] 25-250 [40] 

poisson’s ratio, υ 0.20 [40] 

flexural strength, [MPa] 150-360 [1] 

 

Kumazawa et al. [145] used 55 mol.-% and 60 mol.-% alumina and they observed a flexural 

strength maximum at high temperatures in the range of 1200 °C to 1300 °C. Mullite was 

processed by liquid-phase sintering and owing to its high silica content, the high temperature 

strength increase is explained by stress relaxation and/or crack healing caused by softening of 

the glass phase at the grain boundaries. Others reported no distinct maximum with hot-pressed 

mullite ceramics containing 60 mol.-%, 61 mol.-%, and 65 mol.-% of Al2O3, but a slight decrease 

in strength between 1200 °C and 1300 °C. These materials were observed to constitute of 
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equiaxed mullite grains with a small content of a glass phase located at triple points of mullite 

grains, but not at the grain boundaries as compared to the latter systems [138]. 

 

Mullite ceramics are also found to have differences in its thermal properties, see Table 2.6. Their 

thermal conductivity values range from 5 W m-1 k-1 to 7 W m-1 k-1 at room temperature for 

different materials and synthetic routes [146, 147]. These values and also these differences are 

comparatively small which made mullite ceramics useful for thermal insulation applications [148]. 

In comparison: α-alumina possesses a thermal conductivity of 40 W m-1 K-1 and silica of 7 W m-1 

K-1 [149]. A high thermal conductivity for α-alumina is associated to its crystallographic 

arrangement [134]. The thermal conductivity (see, Table 2.6) values for mullite are almost 

independent on a temperature of up to 800 °C, and rapidly decrease from 6 W m -1 K-1 to 3.9 W 

m-1 K-1, when the temperature reaches 1000 °C [148]. 

 

The linear thermal expansion coefficient of mullite ranges from 4.5 * 10-6 K-1 to 6 * 10-6 K-1 within 

the temperature range from 20 °C to 1000 °C [150]. Mullite has a relatively low value compared 

to α-alumina (i.e. 5.4 * 10-6 K-1 to 9.5 * 10-6 K-1) [37, 149]. Thermal expansion data of mullite give 

information on its shape stability and temperature induced strain. The differences in thermal 

expansion are attributed to the influence of grain boundary phases, pores, and thermal stress, 

details are given in [53]; for more details see Appendix 1. Thus, mullite ceramics possess low 

thermal expansion coefficients, a low thermal conductivity [146], low creep resistance [151], 

good chemical and thermal stability [25], and a good mechanical strength [136]. Another 

important property of mullite ceramics is their very good resistance to fast temperature changes, 

due to their low thermal expansion coefficient [152, 153]. 

 

Table 2.6: Thermal properties of mullite 

Properties Temp. [°C] Values Ref. 

thermal conductivity (λ), [W m-1 K-1] 
20-1400 6-3 [53] 

100-1400 6.1-3.9 [154] 

thermal expansion coefficient (α), *10-6, [K-1] 
300-1400 3.1-7.5 [149] 

20-1000 4-6 [40] 

heat capacity (Cp), [J g-1 K-1] 25-1000 0.76-1.26 [40] 

 



33 

 

Mullite is used in steel manufacturing as furnace lining material (e.g. mullite based bricks are 

used in lining the upper parts of melting furnaces, hot blast stoves, continuous casting furnaces, 

torpedo ladles, etc), due to its low thermal conductivity and coefficient of thermal expansion 

[146]. Recent research reported an Al2O3:SiO2 molar ratio of 9:1 from sol-gel derived mullite 

being used as refractory material due to its high alumina content [16]. Mullite shows enhanced 

spalling resistance and stability under load at high temperature, while alumina has a good 

influence on the corrosion resistance and mechanical properties [155]. The steel industry is the 

largest consumer of the aforementioned mullite-based refractories [156]. Data on the chemical 

corrosion resistance of mullite ceramics against solutions, melts, slag and gases is given in 

Appendix 2 [1]. Mullite presents a good stability in the presence of molten salts and slags similar 

to α-Al2O3. But its resistance against molten metal is low. However, its corrosion resistance in 

gases and its gas impermeability is excellent. This makes mullite suitable for lining upper parts 

of furnaces [157, 158]. 

 

Mullite coatings are applied as barriers to separate materials from harsh environment at elevated 

temperatures. Mullite coatings are deposited on different substrates including: SiC, Si3N4, mullite 

and Al2O3 [159]. This improves the resistance to corrosion, heat and wear of components. For 

example: Mullite coatings are used in protecting silicon-based ceramics and as composites in 

hot areas in gas turbines and heat exchangers. This is connected to its corrosion resistance, 

creep resistance, high temperature strength, good fracture toughness, and its low CTE which 

matches silicon-based ceramics. Mullite coatings have shown to be most promising for SiC 

substrates because their thermal expansion coefficients are similar [160]. Mullite coatings are 

also used as hard and abrasion resistance coatings for spacecraft applications as shields of re-

entry space vehicles [161]. Different techniques are explored to deposit these coatings, 

including: Chemical vapour deposition (CVD), plasma and flame spraying, and physical vapour 

deposition (PVD) [1]. 

 

Mullite is used as material for heat exchangers due to its high temperature stability, especially 

due to its thermal shock resistance, good oxidation resistance, good corrosion resistance, and 

suitable thermo-mechanical properties. However, in terms of thermal conductivity it is not an 

optimal material. Since high thermal shock resistance is an inherit property, mullite ceramics with 

low thermal expansion coefficients are used. Heat exchange efficiencies are observed to 

increase with increasing temperature, and they are used in technical systems to save exhaust 
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energy and serve in heat recovery systems. Spherical particles of mullite between 0.5 mm to 

2 mm are used for heat regenerating processes at temperatures between 1300 °C and 1400 °C, 

which extend the working temperatures of heat regenerating systems [1, 162]. 

 

Another application is in particle filtration and catalyst support in exhaust gas in cleaning 

systems, as exhaust port liners for diesel engines, as gas filter supports for combustion furnaces 

such as in incinerator and electric power generation plants; and as filters in breweries or 

wastewater disposal plants [163]. Mullite-cordierite honeycombs are used instead of pure 

cordierite in diesel particular traps due to a low corrosion resistance of cordierite. Mullite 

honeycombs for diesel particulate traps and semi-closed-cell mullite foams were made using 

corrugation method and replication processes, respectively [164]. However, some reports predict 

that mullites used in exhaust gas systems in diesel vehicle filters are stable in the presence of 

CaO, ZnO and V2O5, but it is attack by Na2O and PbO [165]. 

 

More applications may be found as substrate material with high density for electronic device 

packaging. The mullite’s thermal expansion is close to that of silicon and mullite has a relatively 

low dielectric constant; both properties are crucial to minimized stress generated mismatches in 

silicon chips, in packaging materials, and to reduce the signal delay time of the electronic circuits 

[166, 167]. 

 

Mullite and mullite-glass ceramics are used in optical applications, mainly as window material for 

the mid-infrared wavelength range from 3 μm to 5 μm and in the visible range, under harsh 

conditions, high temperatures and mechanically stressful environments. The addition of Cr3+ ions 

showed luminescence behaviour in mullite glass ceramics [168]. These properties are attributed 

to the optically translucent character in the visible spectral range, its defect structure, and its low 

dielectric constant (ε = 7.0 MHz) [169, 170]. 

 

Mullite components have been applied for brake linings and ceramic guides. Cermets containing 

mullite are also used for aircraft and rapid transit railway brake linings, generating high friction 

resistance. Brake linings were manufactured from a composite containing copper-tin or copper-

iron alloy as matrices with mullite as dispersion phase, for an enhancement of the friction 

resistance. Mullite containing cermets showed good long term heat resistance and are suitable 

for applications as clutch facings for automobiles [171]. 
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Mullite fibers are used as thermal and heat insulating materials for kiln furnaces, as heat 

resistant fillers, as substrates for catalysts, as heat resistant packaging for car engines, as fillers 

and reinforcing materials for composites, due to its low thermal conductivity, good heat 

resistance and insulating properties. The reinforcement of mullite matrices with continuous 

chopped fibers, whiskers, platelets and particles generate mullite composites with an increase in 

mechanical properties [114, 172]. 

 

Metal-reinforced mullite matrix composites designated as Me/mullite (e.g. aluminium/mullite, 

Molybdenum/mullite,) are used as innovative materials for metal filters, catalyst supports, radiant 

burners and sensors. Molybdenum/mullite composites with small differences in their thermal 

expansion coefficients (molybdenum; α ≈5.8 * 10-6 K-1; mullite; α ≈5.5 * 10-6 K-1) are used as 

insulator elements and thermal barrier coatings. These combinations hindered crack growth and 

reduces stress intensity at crack tips by bridging of the ductile metal grains [173, 174]. 

 

Despite the mentioned advantages, plain mullite presents some limitations due to its low fracture 

toughness, which do not fulfil some of the needs for the applications reported above. It was 

found that some of the aforementioned properties constitute mullite with some additional 

components linked to its limitations. Its ability to sustain continuous thermal, chemical and 

mechanical activities reduces as it is exposed to continuous residual stresses [8, 155, 156]. 

Different approaches are focus on the manufacturing of reinforced mullite. A short review is 

given in the following section dealing with mullite composites. 

 

2.7 Mullite composite materials 

In the aforementioned sections, plain mullite used for diverse applications, however, exhibits 

comparatively low mechanical stability, especially under cyclic and permanent mechanical load. 

In order to improve the mechanical stability, a composite materials concept has been developed 

[179-188]. One of the concepts makes use of reinforcement phases such as Al2O3, SiC, Si3N4 

and ZrO2 [175]. This is achieved by shielding crack tips and/or generating new phases with 

mechanisms for reducing failure which develops during rapid thermal changes. Such composites 

form a continuous ceramic matrix with included reinforcement particles of different sizes and 

some residual porosity. The addition of alumina to mullite generates a mullite-alumina matrix 

with an improved corrosion resistance and enhanced mechanical properties [176]. This is 
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enabled by the material properties of alumina (see, Table 2.1 ) and mullite (see Table 2.6). A 

combination of the alumina and the mullite properties is reported to enhance strength, spalling 

resistance, stability and thermal shock resistance of refractory materials [177, 178]. The use of 

α-Al2O3 has a positive influence on corrosion resistance and mechanical properties [179, 180]. A 

high load of fine alumina particles into mullite results in a reduction in shrinkage of approximately 

10 % [181]. The addition of polycrystalline coarse-grained spherical alumina particles caused an 

increase in fracture toughness. These authors suggest that extra toughening arise from elastic 

bridging liagaments in the matrix that appears to be triggered by the alumina grains [140, 176, 

182]. 

 

Medvedovski et al. [180] produced corundum-mullite from the system Al2O3-SiO2 with additions 

of earth-alkali silicates or borosilicates as sintering aids. They reported a crystalline phase of 

alumino-silicate and alumino-borosilicate uniformly bonded by a glassy phase. Different 

properties were obtained: strength (300 MPa to 350 MPa), thermal shock temperature difference 

(∆T: 181 K to 215 K), thermal shock sensitivity of the material parameters (Rs: 1.40 kW m-1 to 

1.56 kW m-1) and a coefficient of thermal expansion with a value of 5.5 * 10-6 K-1 [181, 183]. 

Corundum-mullite was also manufactured by in-situ decomposition of pore formers. Mixtures of 

milled Al(OH)3 and micro-silica were compacted and heat treated to 1600 °C for 3 h, and 

corundum-mullite composites containing 42.3 % porosity were obtained [140, 179]. 

 

The role of alumina and mullite particles to improve the material properties of slip-cast alumina-

mullite composites were investigated in [143]. A porosity of 19 % (75 mol.-% alumina + 20 mol.-

% mullite + 5 mol.-% clay) and 26 % (55 mol.-% alumina + 40 mol.-% mullite + 5 mol.-% clay) 

were reported. Flexural strength values of ~17 MPa were obtained for a porosity of 19 % and 

~10 MPa for 26 % porosity. The strength values were found to decrease with increasing 

porosity. The samples showed a critical thermal shock temperature difference of 115.2 K ± 15.7 

K compared to 105.2 K ± 14.0 K for the later sample. The addition of fine alumina particles 

showed an improvement in flexural strength and the Young’s modulus with an increase in the 

quenching temperature. This indicated a better thermal shock resistance [141, 184, 185]. 

 

Tang et al. [186] described a heterogeneous nucleation process using a core (Aluminium 

hydroxide)-shell (silica) approach in an ethanol solution containing ammonia. Mullite particle 

(0.67 μm) formation occurred at 1500 °C after 2 h. Wang et al. [187] reported a silica coating 



37 

 

layer on ultrafine α-alumina particles with the sol-gel method. They observed a thin and less 

dense surface of an amorphous silica layer of ~20 nm by means of transition electron 

microscopy [188]. 

 

In ongoing investigations the material properties were further improved by introducing residual 

stresses during fabrication. This was realized by the introduction of a secondary phase such as 

mullite at the surface of alumina component by infiltration processes [9-12]. In this approach, the 

alumina particles are immersed into mixtures containing silica precursors, and upon sintering 

silica is formed which reacts with the outer regions of the alumina particles to form mullite at the 

surface of the alumina grains. Upon cooling the unmodified alumina core contract more than the 

outer surface shell. Formed mullite on the surface gains its stability from created pores. Pores 

provided stability during thermal expansion and contraction of the alumina- mullite core-shell 

composite [189]. 

 

Marple et al [9, 12] reported core-shell alumina-mullite formation prepared with infiltration 

technique and they presented some microstructural and mechanical properties. Alumina-mullite 

composites were prepared from porous alumina bodies and TEOS infiltrated through the open 

porosity. The mixture was fired to a dense material consisting of mullite in the surface parts and 

alumina in the inner parts. These composites showed enhancement of the fracture toughness to 

approximately 7 MPa m0.5 in alumina-mullite core-shell composites compared to 4 MPa m0.5 in 

plain mullite [12]. The mullite phase generates compressive stress on the surface of alumina 

with a decrease in elastic modulus as compared to alumina. The fracture toughness of alumina-

mullite composites produced from hydrolyzed ethyl silicate sol which was infiltrated as SiO2 

source into porous alumina sample is also reported. The fracture toughness was measured to be 

increased from 3.9 MPa m0.5 to ~5.8 MPa m0.5 as the amount of alumina increased, shown in 

Table 2.7 [10]. 

 

Taktak et al [11] used the same technique with cylindrical alumina compacts which were 

manufactured by uniaxial pressing at 150 MPa. The microstructure and coefficient of friction as a 

function of applied load for the different alumina-mullite composites was investigated. None of 

these authors investigated the relationship between the microstructure, the thermal properties 

and thermal shock behaviour of the core-shell alumina-mullite composites. 
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Table 2.7: Fracture Toughness for alumina-mullite prepared from infiltration technique [10] 

Sample Phases detected by XRD Mullite 

[vol.-%] 

Fracture toughness 

[MPa.m-0.5] 

A alumina 0 3.9±0.1 

B alumina + mullite 5.78±0.326 4.3±0.1 

C alumina + mullite 8.32±0.46 4.8±0.5 

D alumina + mullite 10.83±0.3.7 5.8±0.2 

 

As a consequence of the work discussed above, alumina might be a good component to 

improve the material properties of mullite. It was stated, that the alumina`s mechanical and 

thermal properties might improve the mullite properties when used as a reinforcement phase. A 

few studies were carried out on core-shell alumina-mullite composites prepared with infiltration 

methods. Comparing the microstructure, mechanical and frictional properties of the core-shell 

alumina-mullite in the aforementioned sections, little results exist with some evidence for core-

shell formation in mullite ceramics. 

 

It is the intension of this study to evaluate the microstructure, mechanical, thermal properties, 

and the thermal shock behaviour of alumina-mullite ceramic materials processed from a non-

balanced SiO2:Al2O3 sol-gel method. 

. 
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3 Experimental 

3.1 Starting materials 

Two different silica precursor sources were investigated. A model route consisting of tetraethyl 

orthosilicate plus alumina, and a technical relevant system made of colloidal silica plus alumina 

powder were processed and compared. The silica precursor of the model route was practically 

free of alkali ions. The sodium ion concentration in the colloidal silica was initially high. It was 

reduced by ion exchange. 

 

a) The model system: tetraethyl orthosilicate route (TEOS) 

In the TEOS route the different samples were manufactured using tetraethyl orthosilicate (TEOS, 

99 %, ABCR GmbH & Co.KG, Karlsruhe, Germany) as the silica source, ethanol (C2H5OH, Carl 

Roth GmbH & Co.KG, Karlsruhe, Germany) as solvent, alumina particles (CT3000SG, 99.8 %, 

Almatis GmbH, Frankfurt, Germany) as an alumina source and distilled water. Typical 

characteristics of CT3000SG are given in Appendix 3 and Appendix 4. Acetic acid (CH3COOH, 

Carl Roth GmbH & Co.KG, Karlsruhe, Germany) was used as a gelation catalyst for the 

promotion of the hydrolysis and the condensation of TEOS. The sol-gel process was carried out 

as described in [7, 87]. 

 

Sample compositions containing silica-to-alumina molar ratios of 1:3.4 (23 mol.-% SiO2:77 mol.-

% Al2O3) and 3.4:1 (77 mol.-% SiO2:23 mol.-% Al2O3) were calculated as shown in Table 3.1 and 

details are given in Appendix 5 and Appendix 6. 

 

Table 3.1: Molar ratio of precursors and ratio of SiO2:Al2O3 derived for the TEOS route 

TEOS Ethanol Water SiO2:Al2O3 Sample composition Denoted as 

0.1 0.1 0.2 1:3.4 23 mol.-% SiO2:77 mol.-% Al2O3 TEOS-23 

0.3 0.4 0.6 3.4:1 77 mol.-% SiO2:23 mol.-% Al2O3 TEOS-77 

 

The derived ratios correspond to a deficit of silica (23 mol.-% SiO2:77 mol.-% Al2O3) and a 

surplus of silica (77 mol.-% SiO2:23 mol.-% Al2O3), respectively, in the case of complete 

reactions (see, Figure 2.1). The calculated SiO2:Al2O3 molar ratios for the TEOS route are 

denoted as TEOS-23 for the former sample and TEOS-77 for the latter sample. The 23 and 77 
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represent the amount of silica in mol.-%, and the balance is the derived mole percent of alumina 

shown in Table 3.1. 

 

b) The technical relevant system: colloidal silica (CS) 

The colloidal silica (Köstrosol 3550, CS, Chemiewerk Bad Köstritz GmbH, Bad Köstritz, 

Germany) used in these experiments contains 50 wt.-% silica with an alkali ion content of 0.25 

wt.-% sodium ions. Other characteristics of the CS are given in Appendix 7. Sodium ions in 

mullite materials are reported to reduce the melting temperature. In addition, impurities have the 

tendency to segregate to grain boundaries in sintered materials and form secondary phases with 

varying properties. In order to avoid the incorporation of sodium ions into the mixture and thus 

into the ceramic material, the silica sol was ion exchanged to remove the sodium ions [70]. The 

ion exchanged was carried out using Lewatit Mono Plus S 108 resin (Kurt Obermeier GmbH & 

Co.KG, Bad Berleburg, Germany). The Na+ ion concentration of the exchanged sol was 

measured with an atomic absorption spectrometer (AAS, Aurora Biomed Inc. Vancouver, 

Canada) [190]. 

 

Lewatit Mono Plus is a macro-porous styrene-divinylbenzene copolymer, and its properties are 

listed in Appendix 8. It was supplied in the sodium form with beads of a uniform size, and 

needed to be transformed into the acidic form prior to the exchange process with CS. For the ion 

exchange and activation of the exchanged resin, 200 ml of 7 vol.-% HCL solution was poured 

into a glass beaker containing 150 g of the Lewatit Monoplus resin. The mixture was stirred and 

allowed for a contact time of 3 h. The Lewatit Monoplus resin ion exchange is described in Eqn. 

(3.1). Subsequently after the prolong exchange of the lewatit resin, the silica sol was ion 

exchanged with lewatit resin to reduce its content of sodium ions. 

 

                             (3.1) 

res: Lewatit Monoplus resin 

 

For the exchange of Na+ ions from the CS, 150 g of the obtained activated lewatit resin was 

transferred into 600 ml polypropylene beaker followed by addition of 100 ml of CS. The mixture 

was continuously stirred for 3 h to achieve the ion exchange according to Eqn. (3.2). The mixture 

was then filtered using a Buchner funnel and an Erlenmeyer flask attached to a vacuum pump. 
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The mixture of the CS and resin was poured into the Buchner funnel. The CS was sucked into 

the flask under differential pressure created by a vacuum pump. 

 

                                            (3.2) 

sil: colloidal silica 

 

The colloidal silica was dried at 105 °C for 15 hours and fired in a Carbolite high temperature 

furnace (Carbolite GmbH, Ubstradt-Weiher, Germany) at a heating rate of 10 K min-1 to 1000 °C. 

From the as-fired CS, approximately 0.052 g of CS was ground and mixed with 0.25 g of lithium 

borate (LiBO2) [191]. The mixture was ignited in a muffle furnace (Thermoconcept GmbH & 

Co.KG, Bremen, Germany) for 30 minutes at 900 °C, with air. The sample obtained at 900 °C 

was dissolved into a glass beaker containing 20 ml of concentrated nitric acid solution. The 

mixture was stirred magnetically for 1 h in order to enable complete dissolution in the nitric acid 

solution. The resultant solution was analyzed with AAS for its Na+ ion content. The dilution 

factors are listed in Table 3.2. 

 

Table 3.2: AAS analysis of Na+ ions in CS 

Sample Dilution 

factor 

Na 

[mg l-1] 

CS without ion exchange 1:100 9.90 

CS ion exchange with Lewatit Monoplus S 108 resin (once) 1:150 6.25 

CS ion exchange with Lewatit Monoplus S 108 resin (four times) 1:25 1.78 

 

The freshly ion-exchanged CS solution was used as a silica source. Colloidal processing as 

described in [79, 81], was carried out. Ethanol, distilled water, acetic acid and alumina particles 

were added as discussed in section 3.1, details are listed in Table 3.3. 

 

Table 3.3: Molar ratio of precursors and ratio of SiO2:Al2O3 derived for the CS route 

CS Ethanol Water SiO2:Al2O3 Sample composition Denoted as 

0.3 0.2 0.3 1:3.4 23 mol.-% SiO2:77 mol.-% Al2O3 CS-23 

0.5 0.3 0.5 2:3 40 mol.-% SiO2:60 mol.-% Al2O3 CS-40 
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Sample compositions containing a silica-to-alumina molar ratio of 1:3.4 (23 mol.-% SiO2:77 mol.-

% Al2O3) and 2:3 (40 mol.-% SiO2:60 mol.-% Al2O3) were calculated for the CS route as shown 

in Appendix 9 and Appendix 10. The calculated SiO2:Al2O3 molar ratio for the CS route is 

denoted as CS-23 for the former sample and CS-40 for the latter sample. The 23 and 40 

represent the amount of silica in mol.-%, and the remaining difference correspond to the derived 

mole percent of alumina, see Table 3.3. 

 

The derived molar ratio of silica-to-alumina of 1:3.4 in the CS route is a surplus of alumina 

compared to silica, same as the molar ratio determined for the TEOS-23 sample. An alumina-to-

silica molar ratio of 2:3 determined for the CS route corresponds to the mullite composition. 

Mullite compositions range from 59 mol.-% to 66.5 mol.-% alumina resulting in a molar 

composition from 3Al2O3-2SiO2 to 2Al2O3-1SiO2 [1]. 

 

3.2 Material processing 

3.2.1 Mixing of the starting materials 

The calculated amount for the TEOS and CS routes were mixed with alumina according to the 

schematic procedure in Figure 3.1. In the processing, silica precursors of TEOS (see Table 3.1) 

or CS (see Table 3.3) were added to ethanol under magnetic stirring (Bibby Scientific SAS, 

Nemours Cedex, France) and intimately mixed for 30 min. Distilled water was slowly added for 

hydrolysis. The pH value of the suspension was adjusted to 6 by drop wise addition of acetic 

acid while heating at 45 °C (1 h). The amount of catalyst was carefully optimized for the different 

compositions to give the suspension a tailored viscosity for casting. A pH of 6 was determined 

for both routes to be optimal. At these conditions, a homogeneous system was obtained suitable 

for mixing with alumina particles showing no sedimentation effects, see also [75, 84]. 

 

Alumina powder was dispersed into this system and ball mixed (with Si3N4 balls having 

diameters of 5, 10, 15 or 20 mm) with an overhead mixer for 6 h (Heidolph Instruments GmbH & 

Co.KG, Schwaback, Germany). This was followed by a homogenization/deaeration over 30 min 

with a planetary centrifugal mixer ARE-250 at a rotational speed of 2000 rpm (Thinky 

Corporation, Tokyo, Japan). This process allowed proper mixing and degassing simultaneously. 

The liquid phase served a double function: as transportation medium in the liquid-state for the 

Al2O3 particles during casting and shaping, and as a silica source after a liquid-solid 
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transformation during gelation. The suspensions were characterized with respect to their 

rheological behaviour prior to casting. 

 

 

Figure 3.1: Processing scheme 

 

3.2.2 Rheological characterization of the suspensions 

The rheological properties of the suspensions were characterized using a rheometer with a 

concentric cylinder (MCR 301, Anton Paar GmbH, Ostfildern, Germany). Approximately 15 ml of 

the suspension were poured into the gap between an inner rotary cylinder and an outer 

stationary cylinder at 25 °C, where the viscosity was measured as a function of the shear rate. A 
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shear thinning behaviour in which the viscosity decreases with increasing shear rate allows for 

optimal casting conditions. The viscosity of the suspensions was measured at different pH 

values. From [95] it is known that, a pH value of 6 is optimal, no sedimentation occurs at pH 

values ranging from 5 to 7. Direct observation of the different suspensions upon standing at 

room temperature showed no sedimentation effects. This was also confirmed by viscosity 

measurements. 

 

3.2.3 Shaping of molds and casting of suspensions 

For the casting of the suspensions, polytetrafluoroethylene (PTFE; Teflon®) rods and plates (RS 

Components GmbH, Mörfelden-Walldorf, Germany) were cut, machined and polished into 

different forms with a Universal lathe DM.1000 A (KNUTH Werkzeugmaschinen GmbH, Wasbek, 

Germany). The molds are shown in Figure 3.2, isopropanol was used as a mold release agent. 

 

The suspensions were poured into the Telfon® molds at room temperature and dried at 85 % 

relative humidity for approximately four to six weeks. The TEOS-23 and CS-23 samples were 

dried for one month; 5 weeks was the drying time for the CS-40 sample and six weeks for the 

TEOS-77 sample. Green compacts were carefully de-molded at room temperature, and they 

were wet, porous and fragile. Compacts processed with 77 mol.-% Al2O3 (TEOS-23 or CS-23) 

showed a higher green strength and a good de-molding behaviour compared to compacts 

prepared with 60 mol.-% Al2O3 (CS-40) and 23 mol.-% Al2O3 (TEOS-77). 

 

 

Figure 3.2: Teflon molds for slip casting of the SiO2-Al2O3 sol-gel systems 
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3.2.4 Thermal treatment of green samples 

The heat treatment includes drying of the green samples and sintering. In the drying process, 

water and solvents were removed off the samples in a laboratory oven (Binder GmbH, 

Tuttlingen, Germany) in the temperature range from 50 °C to 200 °C. A heating rate of 4 K min -1 

and a holding time of 5 h were applied up to the maximum temperature. The dried samples were 

calcined at a rate of 5 K min-1 to 700 °C in a furnace following a holding time of 3 h. 

 

Samples pre-sintered at 700 °C were partially machined into various forms and heat treated at a 

rate of 5 K min-1 to 1000 °C with a holding time of 2 h, since fully sintered samples to higher 

temperatures present some difficulties during shaping and machining. Sintering was performed 

in a high temperature furnace (Carbolite GmbH, Ubstadt-Weiher, Germany) in a temperature 

range from 1100 °C to 1600 °C with holding times of 3 h and 12 h at peak temperature. Different 

heating rates (5 K min-1) and cooling rates (3 K min-1) were applied. The as-fired samples were 

either mortared or machined into the various shapes for further characterization. Cylindrical 

blocks were drilled to hollow cylinders (length = 15mm, inner Ø = 8 mm, outer Ø = 12 mm) with a 

Universal Lathe DM.1000 A (KNUTH Werkzeugmaschinen GmbH, Wasbek, Germany). Shaped 

samples were cut and polished. 

 

3.3 Microstructure and property analysis 

3.3.1 XRD, SEM and TEM analysis 

The changes in microstructure and morphology during pyrolysis were studied with X-ray 

diffraction analysis (XRD) in combination with Rietveld refinement, and scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). 

 

XRD gives information on the crystalline phase composition in materials, lattice parameters and 

crystallite size. The diffraction patterns of X-rays at crystallographic planes is described 

according to Bragg`s law shown in Eqn. (3.3). These are related to distances between atomic 

planes in the crystal lattice (dhkl), scattering angle (2θhkl) and the wavelength of the incident beam 

(λ). 
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 λ           θ (3.3) 

where n= order of the reflection, λ = wavelength, d = lattice space, hkl =Miller indices, 

θ = scattering angle 

 

XRD studies of the ground powders were performed with an X’Pert Pro diffractometer 

(PANalytical GmbH, Almelo, Netherlands) with CuK radiation (wavelength: λα1 = 1.54060, λα2 = 

1.54443 ). A voltage of 40 kV was applied. Data were collected in steps of 0.017° in the 2θ angle 

measuring setup ranging from 10° to 140°. A least-square fit of the background was subtracted 

from the diffraction patterns, and the HighScore Plus software package (PANalytical GmbH, 

Almelo, Netherlands) was used to quantify the phase amount. 

 

Scanning electron microscopy (SEM, Philips XL30 ESEM, Eindhoven, Netherlands) equipped 

with an energy dispersive spectrometer (EDS) was carried out to identify the microstructure of 

the samples. The SEM operates at a voltage of 1 kV to 30 kV. Specimens (~5 mm x 5 mm x 2 

mm) cut from sintered samples were ground [silicon carbide paper, P80 (180 μm)-P4000 (2.5 

μm)], polished (synthetic-silk cloth with diamond spray: 3 μm - 1 μm), and were sputter coated 

with a gold film. Sputtering was performed in order to provide electrical conductivity at the 

samples surface using a plasma sputter coater (Plasma electronic GmbH, Neuenburg, 

Germany). The electron beam was focused by a series of electromagnetic lenses and was 

accelerated to the sample surface. The beam was deflected by scan coils to specific positions 

on the sample. Various interactions occur between the high energy electrons and proceed to 

different directions to the primary electron. Different detectors provide information on the 

investigated samples. The secondary electrons give a topographic contrast of the sample while 

the backscattered electrons provide compositional information based on the atomic numbers of 

the elements present in the sample [192]. 

 

Transition electron microscopy (TEM) was carried out with a Philips CM200 (FEI company, 

Oregon, USA) equipped with a CCD camera and an EDS system DX-4 (EDX, Mahwah, NJ). 

Image processing was performed with the software package analysis Pro (Olympus Imaging 

Corp. Tokio, Japan). The instrument operates at a voltage of 20 kV to 200 kV. TEM samples 

were prepared by cutting thin slices approximately 6 mm x 4 mm x 2 mm from the sintered 

samples. They were ground as described above with the SEM samples. The final thinning to 
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electron transparency was prepared by dimpling (10 μm to 15 μm) and argon ion milling (2 μm). 

The samples were embedded in epoxy resin and coated with a thin gold layer prior to analysis. 

 

Energy Dispersive X-ray Spectroscopy was used both in SEM and TEM for chemical analysis. 

Qualitative analysis was carried out to identify Al, Si and O atoms at peak positions in the 

generated spectrum [192]. 

 

3.3.2 Porosity analysis 

The porosity was determined by two different methods. The first method makes use of computed 

tomography. A SkyScan 1172 X-ray Microtomomography (SkyScan, Kontich, Belgium) was used 

to visualize and calculate the porosity of selected regions of interest, for specimens with a size of 

10 mm x 3 mm x 3 mm. The Skyscan tomograph operates with an x-ray tube at 20 kV to 100 kV 

and is coupled to a CCD camera. The samples were attached to the sample holder with 

adhesive material and transferred to the measuring chamber. A voltage of 80 kV and current of 

100 μA was used for acquisition of a series of two dimensional x-ray images following an 

exposure time of 147 ms at a stepwise rotation of 0.460°. Prior to scanning standard corrections 

such as frame averaging, noise reduction and random movement were performed. Cross section 

images were generated as a 256 grey scale image. The final 2D images were exported as BMP 

files for processing. The 2D reconstruction and 3D stacking were carried out with the software 

package NRECON and CTAn (SkyScan, Kontich, Belgium). The BMP files were imported into 

CTAn and a region of interest was selected. Individual algorithms used for image filtering and 

segmentation such as thresholding and despeckling, were carried out to separate the gray level 

of the solid voxels (white) and assemblage of the pore voxels (black). This allows the production 

of images with the separation of pores and solid material [193]. The porosity was calculated 

according to the algorithm implemented in the CTAn software. 

 

Helium pycnometry (Accupy 1330, Micromeritics GmbH, Hammfelddamm, Germany) was used 

to measure the skeletal density and the Archimedes principle was applied to determine the bulk 

density. Both values were used for calculating the porosity of the samples. For the bulk density, 

sintered bodies were cut and polished into 15 mm x 5 mm x 4 mm rectangular specimens. The 

dry weight of the sample was measured in air. The samples were then immersed in water, 

suspended and weighed in the immersion liquid, removed and weighed in air. The bulk density 

was evaluated based on the Archimedes method discussed in [194, 195] using the relationship 
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in Eqn. (3.4). This is the weight of the object to the volume of solids plus all open and closed 

pores. Powders of the same samples were mortared, sieved and dried at 30 °C prior to 

determination of the skeletal density using helium pycnometry. The powders were weighed using 

the calibration cup and the skeletal density was obtained from the He gas pycnometry [196]. The 

porosity was evaluated based on the relationship in Eqn. (3.5). 

 

ρ     
    

          
   ρ    

(3.4) 

where ρbulk  is the bulk density of the sample, Wdry is the dry weight of sample, ρliq is the density 

of immersion liquid, Wsat is the saturated weight of sample, Wsusp is the suspended weight of 

sample in the liquid 

 

                
ρ 
ρ 
      

(3.5) 

ρB = bulk density; ρS: skeletal density 

 

The pore size distribution of the sintered samples was carried out with mercury (Hg) intrusion 

porometry (Quantachrome GmbH & Co. KG, Odelzhausen, Germany). Samples of 10 mm x 5 

mm x 5 mm were shaped, polished and weighed. Test specimens were placed into the Hg 

penetrometer, evacuated and mercury was introduced. The intruded volume and pore diameter 

were determined by the volume of the mercury entering the pore as a function of the applied 

pressure in the range of 2 bar to 2236 bar [197, 198]. Different pressures (high- and low-

pressure) were applied for obtaining intrusion/extrusion curves according to the pore volumes of 

the samples. The results were analyzed based on the PoreMaster Software package 

(Quantachrome GmbH & Co. KG, Odelzhausen, Germany). 

 

3.3.3 Thermal analysis of as processed samples 

The weight change of green powders was studied with NETZSCH STA 409 CD (NETZSCH 

Gerätebau GmbH, Selb, Germany) operating with a flow rate of 100 ml min-1. As a carrier gas air 

was used. Ground powders of ~30 mg were placed in an Al2O3 crucible and Aluminium oxide 

was employed as the reference material during the measurements. The dimensional change of 

the samples (length = 16 mm, diameter = 4 mm) was monitored with NETZCH DIL 402 E, and a 
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heating rate of 10 K min-1 to a maximum temperature of ~1550 °C under synthetic air ( flow rate: 

100 ml min-1) was applied. 

 

3.3.4 Specific surface area 

The specific surface area (SSA) was determined with the nitrogen adsorption technique using 

the BET method [199]. Previously sintered samples of 10 mm x 5 mm x 5 mm were heat treated 

at a temperature of 130 °C under N2-atmosphere for 2 h to remove any contaminants. The 

samples were placed in an evacuated glass chamber and were flushed with nitrogen, then 

locked and cooled down to the temperature of liquid nitrogen. The pressure difference to a 

reference chamber was measured. An ASAP 2000 analyzer (Micromeritices GmbH, Aachen, 

Germany) was used to evaluate the specific surface area. 

 

3.3.5 Thermal analysis of sintered samples 

A laser flash apparatus (LFA) 427 (NETZSCH Gerätebau GmbH, Selb, Germany) was used for 

measuring the thermal diffusivity under argon atmosphere. The sample diameter was ~ 12.6 mm 

and the thickness was 2 mm. The specimens were graphite coated to enhance the absorption of 

laser energy, and the measurement was performed up to 1000 °C. The heat capacity (Cp) was 

measured with a differential scanning calorimeter (DSC) 404 C Pegasus. Disk shaped samples 

of a diameter of 5 mm and a thickness of 1 mm were used. Disks were placed in a corundum 

crucible attached to an S type thermocouple. The heat capacity from room temperature to 1000 

°C (5 K min-1) was evaluated based on the Proteus data acquisition and analysis software. A DIL 

402 C pushrod dilatometer was used to determine the thermal expansion and the corresponding 

linear dimensional change of the sample (Ø = 5.5 mm, l = 25 mm) was measured from room 

temperature to 1000 °C. The thermal conductivity (λ) was obtained from measurements of the 

heat capacity (Cp), the thermal diffusivity (Dth) and the density (ρ), and is calculated based on 

Eqn. (3.6). 

 

λ       ρ (3.6) 

 

The linear coefficient of thermal expansion (α) of the sintered samples was measured with a 

dilatometer DIL 402 C (NETZSCH Gerätebau GmbH, Selb, Germany). Samples of 25 mm length 

and ~5.5 mm diameter were used. They were placed in the furnace inside the sample holder 
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attached to a pushrod. A heating rate of 5 K min-1 was applied up to 1550 °C. The resultant 

expansion is a sum of the length changes of the sample, pushrod and sample holder. A 

corrective curve was used to remove additional changes from the push rod and the sample 

holder. The linear CTE was calculated based on Eqn. (3.7). 

 

  
 

  

  

  
 

(3.7) 

Where Lo: length of sample at ambient temperature, ∆L: change in length of sample to 1550 °C, 

∆T: change in temperature  

 

3.4 Material properties 

3.4.1 Mechanical characterization 

 

Flexural strength, Young`s modulus and Weibull statistics 

Measurements were carried out with samples sintered at 1200 °C, 1400 °C and 1600 °C, a 

heating rate of 5 K min-1 was applied with holding times of 3 h and 12 h at each temperature. 

The flexural strength was measured with a universal testing machine (Zwick/Roell 2100, Zwick 

GmbH & Co.KG, Ulm, Germany) using samples with dimensions of 25 mm x 2.5 mm x 2.5 mm, 

on a 25 mm span and cross head speed of 0.1 mm min-1. The flexural strength values were 

determined at room temperature, at 500 °C and at 1000 °C in the three point bending mode. The 

holding time prior to high temperature measurement was 30 minutes. From the 3-point bending 

data the flexural strength was determined according to Eqn. (3.8), and the Young’s modulus was 

calculated according to Eqn. (3.9). In order to analyze the failure probability, 3-point bending 

data were used to calculate the Weibull modulus. 

 

σ    
   

    
 

(3.8) 

 

  
   

    
 

(3.9) 

where σ = flexural strength, L = support span, P = force, b = width of specimens, d = height of 

specimens, E = Young’s-modulus, M = tangent of the straight line of the load deflection beam. 
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The failure probability of the samples is related to the applied stress according to Eqn. (3.10), 

being a two parameter Weibull form which relates the scatter of fracture strength to the Weibull 

distribution. The failure probability corresponds to 10 samples for both sample series TEOS-23 

and CS-23. The plot of Lnln[1/(1-Pfi)] of the cumulative probability of failure versus the fracture 

stress Lnσi was fitted to a straight line. The Weibull parameter m is determined from the slope of 

this line represented in Eqn. (3.11), and the characteristic threshold strength (o) values were 

obtained when F = 0.632 [40] or Lnln[1/(1-Pfi)] = 0 

 

          
σ 

σ 
 
 

  
(3.10) 

 

      
 

     
      σ        

(3.11) 

where F = cumulative density function, σi = normalized material strength, σo = threshold stress, 

m = weibull parameter, Pf = failure probability, (fi = i-0.5/n), n = total number of specimens, i = 

specimens number. 

 

Microhardness  

A microhardness tester MHT-10 (Anton Paar GmbH, Ostildern, Germany) was used in 

combination with an optical microscope for hardness analysis. Specimens of 5 mm x 5 mm x 3 

mm were polished and placed on the x-y stage and focused to optimum resolution. A load of 4N 

was applied for 5 s to the sample surface and the Vickers hardness was obtained from the ratio 

of the applied force to the mean of the two diagonals of the indentation according to Eqn. (3.12). 

Figure 3.3 shows an example after the hardness measurement. 

 

 

Figure 3.3: Indentation on a surface of the TEOS-23 sample 
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(3.12) 

where HV: Vickers hardness, F: applied load (N), d: mean of the two diagonals of the indentation 

(mm)  

 

3.4.2 Thermal shock characterization 

The influence of thermal cycling on the microstructure of sintered samples was analyzed using 

an x-ray computer tomograph Phoenix nanotom® S (GE Sensing & Inspection Technologies 

GmbH, Wunstorf, Germany) operating at 180 KeV/15 W. The μ-CT analyzer is suitable for non-

destructive imaging and visualization. Thermal cycling tests were carried out with sample bars of 

6 mm x 3 x mm 2 mm sintered at 1600 °C with holding times of 12 h. These samples were 

heated to a temperature of 1000 °C and 1200 °C, respectively. The samples were kept in the 

furnace for 30 min in order to achieve uniformity in temperature. Water was used as quenching 

medium with 5, 10, 15 and 20 cycles tested for each temperature [200, 201]. The sample 

transfer to the quenching medium was carried out within 5 s. The samples were dried after 

quenching at 500 °C for 3 h, followed by density measurements and imaging with the μ-CT. All 

samples were imaged before and after thermal cycling. Sample with a geometry 6 mm x 3 mm x 

2 mm were mounted on the sample holder, and a voltage of 60 kV to 80 kV and current of 40 μA 

to 70 μA was used for acquisition of a series of two-dimensional x-ray images at an exposure 

time of 1 ms with a rotation step of 0.25° (i.e. 4 pictures per 1° rotation). The images were 

recorded and subsequently reconstructed to obtain a volume of interest. Cross section images 

were generated using the GE-reconstruction software, with different attenuation values to obtain 

a 256 grey scale image, which represents a section through the sample. The final image was 

exported as BMP data for processing. The 2D reconstruction was carried out with the Phoenix 

datos/x CT software. 

 

The thermal shock behaviour of the samples was evaluated based on thermal and mechanical 

data. These data were used with the equations proposed by Hasselman and Kingery for 

estimating the critical temperature difference for an expected failure (∆T) and the thermal shock 

resistance (Rs) of a material to fracture initiation by thermal stresses, see Eqn. (3.13) and Eqn. 

(3.14), respectively. 
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(3.13) 

 

   
λ σ      

 α
 

(3.14) 

 

where ∆T: = Critical temperature difference for expected failure, Rs = thermal shock resistance 

of material to fracture initiation by thermal stresses, E = Young’s modulus, σ = flexural strength, 

α = thermal expansion coefficient, λ = Thermal conductivity, υ = the Poisson`s ratio. 
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4 Results and discussion 

4.1 Rheological behaviour, sample shape and shrinkage 

4.1.1 Rheological behaviour 

Figure 4.1 shows the viscosity versus the shear rate for the two sample series. The highest 

viscosity at low shear rates was found in the CS-23 system. The viscosity of both CS samples is 

higher as compared to that of the TEOS samples. 
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Figure 4.1: Variation of viscosity versus shear rate 

 

The viscosity decreases in all samples with an increasing shear rate. This indicates a shear 

thinning behaviour of these systems. Shear thinning is important for casting process. At high 

flow rates, e.g. in shaping processes such as pouring the suspension into a mold, a low viscosity 

results; at low flow rates an increase in the viscosity occurs. This behaviour is important for the 

sedimentation of fillers: no or negligible sedimentation effects occur after shaping [89]. 

 

The high viscosity of the CS might be explained by two facts: In the TEOS system hydrolysis 

reaction occur converting Si-OR groups to Si-OH groups, ligands slow down hydrolysis with 

more water use (TEOS-23: H2O/TEOS = 2) compared to the CS system with reactive silanol 
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groups and less water use (CS-23: H2O/CS = 1), see Table 3.1 and Table 3.3. The higher 

amount of water used in the former system reduces its viscosity. The viscosity of the supplied 

colloidal silica is 20 mPa∙s at 25 °C compared 0.8 mPa∙s at 25 °C for TEOS. The second fact is 

that CS is a suspension of particles in water, thus the particle load of the CS system is higher 

compared to that of the TEOS system. 

 

The catalyst amount also influenced the viscosity differently, suspensions with a pH value of 6 

showed a lower starting viscosity and the resultant cast samples dried more homogeneously 

compared to samples with pH values ≤2 and ≥10 with fast evaporation and inhomogeneous 

drying. With a pH value of 6, the alumina particles are positively charged whereas the silica 

particles are negatively charged which enabled heterofloculation suitable for gel formation in 

mullite systems [85]. The catalyst is important for the separation of the particles in the 

suspensions. An acidic catalyst is preferred due to the higher reaction rate within the suspension 

and thus limited evaporation [1]. 

 

The suspensions were poured into Teflon® molds at room temperature and dried at a relative 

humidity of 85 % for a period of four (TEOS-23 and CS-23), five (CS-40) and six (TEOS-77) 

weeks. The de-molding of the green samples containing TEOS-77 and CS-60 lead often to 

damage while easy de-molding and mechanically stable green forms were obtained from TEOS-

23 and CS-23 samples. The high amount of TEOS and CS in the former samples might have 

affected the de-molding process. The difficulties in de-molding were reflected in drying and 

machining of the resultant samples. 

 

4.1.2 Green sample shaping and stability after heat treatment  

Drying of the green samples was carried out in three stages. A primary step in which de-molded 

samples were dried at intervals of 50 °C to 200 °C, with a holding time of 5 h at peak 

temperature. This was to achieve uniformity in temperature, to minimize warping and to reduce 

cracking. A secondary stage in which the compacts were subjected to a heat treatment of 5 K 

min-1 to 700 °C with holding time 3 h was applied, and samples are shown in Figure 4.2 and 

Figure 4.3. This step was applied since the machining is less tool-consuming in the pre-fired 

state. 
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Figure 4.2: TEOS-23 green samples heat-treated to 700 °C with a holding time of 3 h; disk (Ø: 

42 mm, H: 4 mm); block cylinder (L: 30 mm, Ø : 20 mm ), hollow cylinder (L: 20 mm, 

inner Ø: 10 mm, outer Ø : 16 mm ), rectangular plates (72 mm x 32 mm x 4 mm), 

rectangular bars (72 mm x 4 mm x 3 mm) where Ø: diameter, H: thickness, L: length 

 

The obtained samples from TEOS-23 and CS-23 compositions were mechanically stable for pre-

machining processes such as cutting and polishing in comparison to smaller samples from the 

other compositions, related to the difficulties in de-molding as previously explained. 

 

 

Figure 4.3: CS-23 green samples heat-treated to 700 °C with a holding time of 3 h; disk (Ø: 42 

mm, H: 4 mm), cylinder (L: 18 mm, Ø: 14 mm) 

 

Sintering was performed for the pre-machined samples in air to a maximum temperature range 

between 1100 °C to 1600 °C at 5 K min-1 with holding times of 3 h and 12 h. It was concluded 
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that pre-machining cracks before final sintering, were healed by heat treatment. The fired 

samples with different geometries are shown in Figure 4.4 and Figure 4.5. The TEOS series 

allowed more complex shapes compared to the CS series, possibly due to its lower viscosity as 

described above. The CS samples represent a higher hardness when demolded compared to 

the TEOS samples. The metallographic preparation of the CS samples showed particles pull out, 

compared to less effect observed with the TEOS samples, this limit the size and shape of 

samples obtained from the CS series. 

 

 

Figure 4.4: TEOS-23 ceramic parts sintered at 1600 °C with a holding time of 12 h; disk (Ø: 40 

mm, H: 2 mm); cylinder (L: 15 mm, inner Ø: 8 mm, outer Ø: 12 mm ), rectangular 

plates (70 mm x 30 mm x 2 mm) 

 

Samples from the different compositions were machined based on the requirements for different 

characterization techniques with processing dimensions and measurement methods shown in 

Table 4.1. Powders were prepared from corresponding samples according to the 

characterization methods described in chapter 3. 
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Figure 4.5: CS-23 ceramic parts (1600 °C, 12 h); disk (Ø: 40 mm, H: 2 mm), cylindrical bars (L= 

25, H = 5.5 mm), rectangular bars (25 mm x 2.5 mm x 2.5 mm) 

 

 

Table 4.1: Dimension of samples and characterization methods 

Sample dimension Measurement 

L = 16 mm, Ø = 4 mm shrinkage of green samples 

5 mm x 5 mm x 2 mm SEM analysis 

6 mm x 4 mm x 2 mm TEM analysis 

10 mm x 5 mm x 5 mm bulk density 

10 mm x 5 mm x 5 mm specific surface area 

Ø = 12.6 mm, H = 2 mm thermal diffusivity 

Ø = 5 mm, H = 1 mm heat capacity 

L = 25 mm, Ø = 5.5 mm linear coefficient of thermal expansion 

25 mm x 2.5 mm x 2.5 mm flexural strength  

5 mm x 4 mm x 4 mm Vickers hardness 

6 mm x 3 mm x 2 mm thermal cycling test with µ-CT 

 

 

 

. 
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4.2 Thermal analysis of the as processed parts 

The shrinkage behaviour as shown in Figure 4.6 was measured with a heating rate of 5 K min-1 

up to 1550 °C in synthetic air. The sample length does not change up to 300 °C, followed by a 

small change in length to ~1000 °C. Significant shrinkage occurs between 1100 °C and 1450 °C. 

Prior to 700 °C compacts show little shrinkage due to cross linking reactions of TEOS or CS, see 

also Eqn. (2.6). As the temperature increases, siloxane (≡Si-O-Si≡) and ≡Si-O-Al= bridges are 

formed, see reaction mechanisms in Figure 2.8 [80, 88]. The onset of the densification is 

indicated at approximately 1000 °C to 1100 °C [1]. The linear shrinkage of the samples is listed 

in Table 4.2. 
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Figure 4.6: Shrinkage of green samples 

 

Table 4.2: Shrinkage and mass change of the compacts sintered to 1550 °C at 5 K min-1 

Sample After pre-drying 

shrinkage (%) mass change (%)  

TEOS-23 22 12 

CS-23 17 4.5 

TEOS-77 27 13.5 

CS-40 19 6 
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Figure 4.7 (left) represents the weight loss for different powders sintered in air at 5 K min-1 to a 

maximum temperature of 1550 °C. The weight loss can be divided into three regions; the region 

from 25 °C to 300 °C with a high weight loss which is related to the loss of water and/or part of 

TEOS; the region from 400 °C to 1000 °C with a smaller weight loss caused by dehydration of 

Si-OH groups and Al-OH groups [92] and the region from 1100 °C to 1550 °C with little or no 

significant weight change. The TEOS samples showed a higher weight loss which originates 

from the TEOS hydrolysis and its increase in intensity with an increasing amount of TEOS, see 

also Table 4.2. Heating of the TEOS green samples resulted in condensation and a loss of four 

moles ethanol per mole TEOS, if the TEOS is not completely cross linked yet. This would 

explain the significant higher weight loss compared to the CS samples [81, 84]. 
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Figure 4.7: Thermal analysis of green samples heat treated to 1550 °C in air at 5 K min-1 

 

DTA analysis shown in Figure 4.7 (right) revealed an endothermic peak at 125 °C for CS 

samples and an endothermic peak at 130 °C for the TEOS samples. An increase of the 

temperature to 900 °C intensified the dehydration reactions of the OH groups and the liberation 

of trapped water within the pores. The onset of densification (see Figure 4.6 ) is indicated by an 

endothermic region ranging from 900 °C to 1000 °C for the CS series and shifted to 1000 °C for 

the TEOS samples, which was also found in [52]. Smaller endothermic peaks are found in the 

CS samples prior to 1000 °C indicating the onset of crystallizing to cristobalite. An increase in 

the temperature indicates a strong endothermic peak at ~1200 °C for the CS samples and 

~1300 °C for the TEOS samples. This is related to the onset of the mullite phase formation and 

was confirmed by TEM measurements [5]. However the oxidation of the residuals is associated 

with exothermic peaks in the temperature range between 200 °C to 600 °C [80]. 
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A higher weight loss and shrinkage was found with the TEOS samples compared to the CS 

samples. This is attributed to the higher TEOS content in the TEOS-77 sample. It is also noticed 

that samples with a high amount of alumina present a low weight loss and shrinkage when 

compared within the same series. 

 

4.3 Microstructure and porosity of sintered samples 

4.3.1 SEM and XRD analysis 

SEM images of samples after sintering in the temperature range from 1200 °C to 1600 °C are 

represented in Figure 4.8 (TEOS-23 and CS-23) and Figure 4.9 (TEOS-77 and CS-40). As 

demonstrated by the SEM images, the silica source and silica content influences the morphology 

of the materials. In the TEOS samples the particles appear separated, Figure 4.8 (a) while parts 

of the CS samples appear amorphous, Figure 4.8 (d). Sintering at 1400 °C did not show 

significant changes compared to samples sintered at 1200 °C. A major change in the sample 

morphology was observed after sintering at 1600 °C. While TEOS samples showed a 

pronounced porosity, the CS samples appear less porous. No major difference between the 

TEOS-23 and CS-23 samples morphology has been found after sintering at 1600 °C. The grain 

sizes seem to increase for all the samples sintered at 1600 °C. CS samples, however, show well 

developed grains. The TEOS-77, Figure 4.9 (left) and CS-40 samples, Figure 4.9 (right) seem to 

host a glassy phase. This is attributed to the silica phase; their amount in sample (TEOS-77) is 

higher compared to the silica amount in the samples containing TEOS-23 and CS-23 [57]. 
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Figure 4.8: TEOS-23 (left) and CS-23 (right) SEM images of samples sintered from 1200 °C to 

1600 °C, at 5 K min-1 with holding time of 12 h at peak temperature 
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Figure 4.9: TEOS-77 (left) and CS-40 (right) SEM images of samples sintered from 1200 °C to 

1600 °C, at 5 K min-1 with holding time of 12 h at peak temperature 

 

The phase evolution as a function of the firing temperature was analyzed by XRD and is shown 

in Figure 4.11 (a) for TEOS-23, Figure 4.11 (b) for CS-23, Figure 4.11 (c) for TEOS-77 and 

Figure 4.11 (d) for CS-40 samples. Details based on Rietveld quantitative analysis are listed in 

Appendix 11. The peak intensities of the corresponding phases are represented in Figure 4.10, 

and Appendix 12 to Appendix 14. In the assessment of the phase compositions, peaks with a 
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high intensity were cristobalite (tetragonal system, hkl: 011, 2θ-CuK: 21.9°), corundum 

(hexagonal system, hkl: 012, 2θ-CuK: 25.5°) and mullite (orthorhombic system, hkl: 110, 2θ-

CuK: 16.4°); some traces were identified as sillimanite (anorthite), cristobalite low (cubic), and 

tridymite (anorthite) [52, 101]. Changes in the peak patterns were clearly observed between 

1200 °C to 1600 °C which confirmed the transformation into mullite. A semi-quantitative analysis 

based on XRD data was carried out with the Rietveld method. 
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Figure 4.10: XRD patterns of the CS-40 samples sintered at different temperatures with holding 

times of 12 h 

 

The phase composition of all sample series as a function of the sintering temperature is given in 

Figure 4.11, and details are listed in Appendix 11. The composition changes with an increase in 

the heating temperature from 1100 °C to 1600 °C. In the series with CS, cristobalite formation 

starts at 1100 °C (see Figure 4.10, cristobalite: 2θ-CuK: ~21.9°) while in the TEOS series, 

cristobalite was observed at 1200 °C (see Appendix 14, cristobalite: 2θ-CuK: ~21.9°). A similar 

effect was found with the onset temperature of the mullite formation. Traces of mullite were 

found in the base peaks of the CS series for samples sintered at 1300 °C while in the TEOS 

derived samples, traces were found at temperatures ≥1350 °C. Samples sintered at 1400 °C 
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indicated a high amount of mullite in the CS series in the range from 7 mol.-% to 23 mol.-% 

compared to 4 mol.-% for the TEOS-23 sample. In the TEOS-77 derived samples, mullite 

appeared after sintering at 1500 °C. At a maximum temperature of 1600 °C, all samples 

revealed an increase in their amount of mullite and a corresponding decrease in the cristobalite 

and corundum amount, see, Figure 4.11. 
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Figure 4.11: Semi quantitative Rietveld analysis of samples after sintering in a temperature 

range from 1100 °C to 1600 °C with holding times of 12 h 

 

The main differences between the samples might be related to the starting composition. The 

TEOS-77 sample sintered at 1600 °C for 12 h, showed 24 mol.-% cristobalite due to its high 

amount of TEOS used in the sample preparation. Approximately 2 mol.-% corundum was found 

unreacted. This might have come from mullite formation at the interface of cristobalite and 

corundum [132]. A similar effect was found in the CS-40 sample with 98 mol.-% mullite and 2 

mol.-% corundum. XRD indicated a corundum-to-mullite molar ratio of 56:44 for the TEOS-23 

sample and 60:40 for the CS-23 sample, respectively. The difference in 4 mol.-% mullite less in 
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the CS-23 sample might be a consequence of its early densification (i.e. 900 °C), which retards 

complete densification before the onset of the mullitization. Phase segregation might have 

occurred which caused reduced decrease in the mullitization rate of this system compared to a 

higher densification rate of the TEOS-23 sample which started at ~1000 °C with a high 

mullitization rate [82, 133]. 

 

Results of the phase analysis of samples with a holding time of 3 h at peak temperature are 

shown in Figure 4.12 and details are given in Appendix 15 
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Figure 4.12: XRD phase analysis of samples sintered at different temperatures with holding 

times of 3 h at peak temperature 

For 12 h holding time, first cristobalite was identified at a temperature of 1100 °C compared to a 

shift to 1200 °C for 3 h holding times found in the CS series. A similar shift was observed in the 

TEOS-series. Mullite was found at 1400 °C following a holding time of 12 h and a shift to higher 

temperatures was observed at a holding time of 3 h, see Figure 4.12. A complete mullitization for 

TEOS-23 and CS-23 samples sintered at 1600 °C for 3 h holding time was not observed, as 

found for 12 h holding time, see Figure 4.11 for samples sintered at 1600 °C for 12 h. 

 

The first formation of cristobalite was identified at 1100 °C corresponding to a decrease in the 

alumina content [132]. Cristobalite and mullite formation vary with starting material 
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characteristics, temperature and holding time. Prior to 1100 °C the only crystalline phase was 

alumina and no cristobalite was found before this temperature. Cristobalite was considered to 

exist in an amorphous form, which was not indicated by XRD. For a more detailed look inside 

the samples, TEM studies were carried out. Prior to this study the porosity was analysed. The 

results are presented in the following section. 

 

4.3.2 Porosity analysis 

The density, porosity, pore size and specific surface area were measured as described in 

chapter 3. Figure 4.13 and Figure 4.14 show the bulk density, the skeletal density and the total 

porosity for the samples after sintering between 1200 °C and 1600 °C for a holding time of 12 h 

at peak temperature, see Appendix 16 for calculated density and porosity values. 
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Figure 4.13: Bulk density (ρB), skeletal density (ρS) and porosity of TEOS-23 and CS-23 samples 

sintered in the temperature range from 1200 °C to 1600 °C for 12 h 

 

The bulk density values were found to increase with an increasing annealing temperature. A bulk 

density of 2.96 g cm-3 was measured for the CS-23 sample compared to 2.31 g cm-3 for the 

TEOS-23 sample, in comparison to a value of 3 g cm-3 reported for alumina-mullite in [141, 180]. 
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The CS series possesses a higher bulk density compared to the TEOS series. A probable 

reason for this is the start of the densification process at 900 °C, see also Figure 4.7. A bulk 

density of 2.96 g cm-3 was measured for the CS-77 sample prepared with 23/77 mol.-% of 

SiO2/Al2O3 compared to 2.86 g cm-3 for the CS-40 sample prepared with 40/60 mol.-% of 

SiO2/Al2O3, respectively. The differences in bulk density values for the CS series is linked to the 

intense densification of the CS-40 sample with 4 mol.-% cristobalite found following sintering at 

1100 °C compared to 1 mol.-% cristobalite found with the CS-23 sample, see Appendix 11. 
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Figure 4.14: Bulk density (ρB), skeletal density (ρS) and porosity of TEOS-77 and CS-60 samples 

sintered in the temperature range from 1200 °C to 1600 °C with a holding time at 

peak temperature of 12 h 

 

The increase in bulk density from 1100 °C to 1600 °C is associated to the transformation of 

metastable siliceous amorphous forms to stable and crystalline cristobalite which react with 

alumina and mullite is formed. Generally it is observed in all samples that cristobalite formation 

increase densification reducing reaction paths for Al and Si ions leading to intensification of 

mullitization with increasing bulk densities [71], following pore consolidation, pore removal, 

components shrinkage and grain growth. The bulk density was also found to be controlled by the 

amount of silica source. Within the TEOS series, the TEOS-77 sample prepared with 77/23 mol.-
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% of SiO2/Al2O3 represents a lower bulk density of 1.71 g cm-3 compared to 2.31 g cm-3 for the 

TEOS-23 sample prepared with 23/77 mol.-% of SiO2/Al2O3, respectively. The CS-23 and TEOS-

23 samples with high content of alumina showed high bulk density values, this is explained by 

their high alumina amount use in preparation. 

 

The skeletal density increases to 1400 °C with a small decrease to 1600 °C shown in Figure 

4.13 and Figure 4.14. This is enabled by the increase in activation temperature, which compact 

particles leading to changes in size and shape of grains from primitive crystals structures with 

smaller grain sizes at lower temperatures to crystalline forms with larger grain sizes at higher 

temperatures, see Figure 2.4 and Figure 2.5 for crystalline crystal structures of cristobalite and 

mullite, respectively. A higher skeletal density of 3.7 g cm-3 was measured for the CS-23 sample 

sintered at 1600 °C linked to its high alumina content of 60 mol.-% and early densification 

temperature compared to the TEOS-23 sample with 56 mol.-% alumina represented by XRD 

measurements in Figure 4.11. The small decrease in the skeletal density from 1400 °C to 1600 

°C is linked to liquid phase sintering which might have break down agglomerates reducing the 

particle sizes [66]. The elimination or reduction of pores is confirmed in all the samples by a 

decrease in porosity values following sintering of samples to 1600 °C, see Figure 4.13 and 

Figure 4.14 [112]. 

 

The porosity was found to decrease with increasing sintering temperatures in both sample 

series, Figure 4.13 and Figure 4.14. In all samples porosity was found having pores with 

diameters of some microns as shown by the SEM, Figure 4.8 and Figure 4.9. Results from 

pycnometry and from the Archimedes principle revealed a porosity of 34 % for the TEOS-23 

sample compared to 21 % for the CS-33 sample, while µ-CT investigations showed a porosity of 

26 % for the TEOS-23 sample and 11 % for the CS-23 sample, both sintered at 1600 °C for 12 

h. Figure 4.15 shows a three dimensional µ-CT reconstruction of the samples, and the pore 

distribution within the Al2O3-mullite matrix is visible. From the differences in the porosity values 

as measured with both methods, it was deduced that there are pores in the samples which are 

below 1 µm in diameter. This is the limit of the resolution of the µ-CT analyzer. This was also 

confirmed by mercury porometry. The pore diameters were in the range from 0.2 μm to 7 μm for 

the TEOS-23 sample and from 0.5 μm to 5 μm for the CS-23 sample, see Figure 4.16. 
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Figure 4.15: µ-CT 3D reconstruction of a “volume of interest” from alumina-mullite parts of 

TEOS-23 (left) and CS-23 (right) samples sintered at 1600 °C for 12 h 

 

A total intergraded volume of ~0.3 cm3 g-1 was measured for the TEOS-23 sample compared to 

~0.1 cm3 g-1 for the CS-23 sample. These differences were also found by the μ-CT 3D 

measurement of the samples shown in Figure 4.15, however, with the fidelity/limits of the µ-CT 

system. The typical mercury intrusion and expression behaviour is shown in Figure 4.16 for the 

TEOS-23 sample and the CS-23 sample (1600 °C, 12 h). These results include only those pores 

into which Hg can penetrate as a function of the applied pressure, and as a function of the 

nature of the pores: closed or open. The porosity analysis shows with all methods applied that it 

is higher in the TEOS-23 sample. The lowest porosity was measured with the µ-CT in both 

samples, but the values exceeded 10 % porosity. This is in accordance with the resolution of this 

method. If porosity can be measured by µ-CT, however, this qualifies this method to be used in 

the thermal cycling experiments as described in section 3.4.2 for non-destructive testing and 

data generation after each thermal cycle. 

 

Table 4.3 shows the specific surface areas (SSA) for TEOS-23 and CS-23 samples sintered at 

1200 °C and 1600 °C with a holding time of 12 h at peak temperature. The SSA was found to 

decrease with increase annealing temperatures. The surface area for the TEOS-23 sample 

decreased from 2.07 m2 g-1 (1200 °C) to 0.75 m2 g-1 (1600 °C) compared to 4.74 m2 g-1 (1200 °C) 

to 0.36 m2 g-1 (1600 °C) for the CS-23 sample. This is a consequence of the reaction/sintering 

process: pores are eliminated and the samples shrink. Both processes are responsible for the 
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reduction of the specific surface area. The obtained SSA values were smaller than specific 

surface area of 6.22 m2 g-1 measured for α-Al2O3 particles supplied. In comparison, a specific 

surface area of ~19.5 m2 g-1 was reported for mullite samples sintered at 1100 °C and was found 

to decrease to ~1.5 m2 g-1 when the sintering temperature was increased to 1350 °C [141]. 

Moreover, the specific surface area for mullite was observed in other investigations to decrease 

from 2.77 m2 g-1 to 1.7 m2 g-1 after calcinations at 1400 °C for 1 h [107]. A SSA value of 

approximately 0.8 m2 g-1 and 0.4 m2 g-1 is in good agreement with previous results due to high 

sintering temperature up to 1600 °C and with holding time of 12 h [140, 182]. 

 

10 1 0.1

0.0

0.1

0.2

0.3

 Intrusion, CS-23, 12 h

 Extrusion, CS-23, 12 h

  Intrusion, TEOS-23, 12 h

 Extrusion, TEOS-23, 12 h

 

 

N
o

rm
a

li
z
e

d
 v

o
lu

m
e

 [
c
m

-3
 g

-1
]

Diameter [m]  

Figure 4.16: Typical intrusion and extrusion curves of the as synthesized alumina-mullite 

composites, samples are sintered at 1600 °C for 12 h 

 

An increase in temperature from 1200 °C to 1600 °C caused an increase in bulk density with a 

corresponding decrease in porosity. Porosity decreases to ~33 % in the TEOS-23 sample 

compared to ~34.4 % in the CS-23 sample following sintering of samples to 1600 °C. 

Densification behaviour is significantly different as shown by the plot of density against sintering 

temperatures, thus generating changes in the porosity, surface area and pore size of the 

produced samples [140]. The skeletal density of the samples decreased with increasing 

annealing temperature (see Appendix 16) and differs according to the amount of TEOS or CS 
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used in the sample preparation. The bulk density of all the samples increases from 1200 °C to 

1600 °C with a corresponding decrease in the porosity. This is due to the mullitization and 

densification of the systems, see also DTA and XRD results in section 4.2 and 4.3, and refs. [7, 

61]. The porosity is attributed to pores derived from elimination of residual by-products and 

heterogeneities in the particle sizes of alumina and mullite grains [66]. A low porosity of the CS-

40 sample is attributed to a low amount of residual by-products: in TEOS four ethoxy groups and 

water leave the system while in the CS system only water is released when the sample is heated 

for drying [89]. TEM analysis was carried out to identify crystalline and amorphous components, 

since XRD has limitations in the identification of amorphous phase and is not able to localize the 

phases. 

 

Table 4.3: Specific surface area (SSA), pore size diameter and intruded volume of mullite-

alumina samples 

Property and sintering temperature TEOS-23 CS-23 

SSA (m2 g-1), 1200 °C, 12 h 2.07 4.74 

SSA (m2 g-1), 1600 °C, 12 h 0.75 0.36 

Pore size diameter (μm), 1600 °C, 12 h 0.2-7.0 0.5-5.0 

Intruded volume (cm3 g-1), 1600 °C, 12 h ~ 0.3 ~ 0.1 

 

4.3.3 TEM analysis 

TEM micrographs and EDX spot analysis for TEOS-23 and CS-23 derived samples are shown in 

Figure 4.17 to Figure 4.19. The results of the EDX spot analysis are listed in Appendix 17 to 

Appendix 23. It should be noted, that the balance in mol.-% for Al, Si and O atoms is the 

percentage of carbon which originates from the resin infiltration of the samples. 

 

In Figure 4.17 (i), the EDX spot analysis of the TEOS-23 sample at position 12 (30 Al + 15 Si + 

20 O) shows a particle with a comparatively high Si amount having a composition close to that of 

mullite along the rim covering an inner Al2O3 particle in position 11 (78 Al + 20 O). The 

composition of position 12 indicates the start of the mullite formation at ~1200 °C; in the sample 

TEOS-23 this was found by XRD first at 1300 °C. A similar shift was also found for the TEOS-77 

and CS samples. These findings are in accordance with results found by MAS NMR 
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spectroscopy studies for diphasic gels which revealed nucleation and mullitization/crystallization 

between 1000 °C to 1200 °C according to [83, 131, 133]. 

 

 

(i) Al2O3 particle encircled by high Si amount, 

(1200 °C, 3 h) 

 

(iii) Crystalline (a-d) and amorphous region 

(e), (1600 °C, 3 h) 

 

(ii) Mullite (b) between two Al2O3 particles (a, 

c) at triple junction, (1600 °C, 3 h) 

 

(iv) Mullite (j, m), Al2O3 (i) un-reacted close 

to amorphous region (n), (1600 °C, 12 h) 

Figure 4.17: TEM images and marks of EDX spot analysis from the TEOS-23 derived sample 

 

Figure 4.17 (iii) shows a TEM micrograph of the sample TEOS-23 after sintering at 1600 °C for 

3 h. EDX spot analysis (see Appendix 18) revealed high aluminium and high oxygen 

concentrations (a: 31 Al + 63 O, b: 27 Al + 66 O) indicating both particles are alumina. Analysis 

of spot c showed an elemental composition of 3 Al + 14 Si + 47 O of d: 8 Al + 15 Si + 58 O and 

of e (2 Al + 15 Si + 52 O). Spot c and d were identified to be a crystalline phase, and it was 

deduced that the compositions are close to that of the mullite composition. Region e was 

identified to be amorphous, cf. also ref. [132]. Figure 4.17 (ii) shows a different arrangement of 
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several phases, a (35 Al + 63 O) and c (32 Al + 58 O) are close to the theoretical composition of 

plain alumina while b (10 Al + 15 Si + 69 O) and d (22 Al + 6 Si + 58 O) contain Al:Si ratios 

which point out the formation of mullite. 

 

An increase of the holding time to 12 h at 1600 °C, as presented in, Figure 4.17 (iv) showed 

compositions close to that of mullite (m) and alumina (i ,j) with an amorphous phase spot n: 2 

mol.-% Al, 0.3 mol.-% Si and 27 mol.-% O (see also Appendix 20). XRD Rietveld estimates 

indicate complete mullitization for the TEOS-23 sample at 1600 °C, but TEM-EDX spot analyses 

revealed a residual amorphous phase even at a holding time of 12 h [3]. TEM investigations of 

the TEOS-23 sample showed a shift of the onset of the mullitization to occur at lower 

temperatures, and samples sintered at 1600 °C revealed the presence of an amorphous glass 

phase. The amorphous glass may arise from inhomogeneity in precursors forming agglomerates 

which persist to high temperatures or from interface barriers between Al2O3-mullite-SiO2 phases 

[74, 132]. Similar amorphous phases were observed following the reaction sintering of α-alumina 

and cristobalite at 1625 °C, which is described in [72]. 

 

Figure 4.18 shows a TEM image and a spot analysis of the TEOS-77 sample after sintering at 

1600 °C for 12 h. The elemental compositions are as follow: a: 33 Al + 9 Si + 58 O, b: 33 Al + 8 

Si + 59 O, d: 30 Al + 8 Si + 61 O, which is close to the composition of mullite, and the 

composition of the amorphous phase is c: 3 Al + 29 Si + 68 O and e: 4 Al + 27 Si + 68 O. Spot c 

reveals a high amount of Si, Figure 4.18 (ii) which is almost pure cristobalite. This was confirmed 

by XRD analysis, see Figure 4.11 (c) having a total amount of ~24 mol.-% of cristobalite The 

presence of cristobalite in this sample is related to the high amount of TEOS used in its 

preparation, see Figure 2.1. 

 

From the TEOS series, TEM and XRD confirmed large residual amounts of silica in the TEOS-

77 sample prepared with a SiO2-to-Al2O3 molar ratio of 3.4:1. In the TEOS-23 sample an 

amorphous glass phase was found [60]. Processing with the TEOS-77 composition represents 

mullite and cristobalite phases while TEOS-23 shows an alumina and a mullite phase. XRD 

showed 2 mol.-% Al2O3 in the TEOS-77 sample sintered at 1600 °C. It appears to be isolated or 

enclosed within crystalline mullite as a result of growth of mullite crystals [73]. The kinetics of the 

mullite formation reaction revealed mullite formed at the interface between Al2O3 and SiO2 



75 

 

leading to the formation of reaction barriers resulting in 2 mol.-% of alumina and an amorphous 

glass phase [61, 132]. 

 

 

(i) Mullite (a, b, d, f) and (c, e) amorphous regions 

 

(ii) EDX spot analysis position c  

Figure 4.18: TEM image and marks of EDX spot analysis for TEOS-77 derived mullite sample 

sintered at 1600 °C for 12 h holding time 

 

 

(i) CS-40 

 

(ii) CS-40 

 

(iii) CS-23 

Figure 4.19: TEM images and EDX spot analysis of CS samples sintered at 1600 °C for 12 h 

holding time, (ii) EDX-spectrum of position g with high Al mol.-% 

 

Different crystalline phases were identified possessing compositions as follow: a: 34 Al + 8 Si + 

58 O, b: 34 Al + 8 Si + 59 O, c: 34 Al + 8 Si + 58 O, d: 30 Al + 7 Si + 63 O, e: 30 Al + 6 Si + 64 

O, f: 31 Al + 7 Si + 62 O). These compositions point out the formation of mullite. Alumina was 

found at spot g: 42 Al + 57 O, in the sample CS-40 Figure 4.19 (i). Figure 4.19 (iii) represents a 



76 

 

different arrangement with phases of alumina (a: 37 Al + 62 O, b: 42 Al + 57 O; c: 42 Al + 56 O) 

and mullite (d: 17 Al + 14 Si + 65 O), and region f was identified to be close to an amorphous 

glass composition constituting 5 mol.% Al + 21 mol.% Si + 62 mol.-% O, as found in the CS-23 

sample. This is comparable to the TEOS-23 sample. 

 

The CS-40 sample (see Figure 4.22 (i)) showed an Al2O3 particle at position g, and the 

microstructure appears to be similar like the microstructure of the sample CS-23. In XRD 

measurements a phase composition was found with 2 mol.-% of alumina and 98 mol.-% of 

mullite found in the CS-40 sample; in the CS-23 sample the phase composition was found to be 

60 mol.-% of alumina and 40 mol.-% of mullite, see also Figure 4.11 (b, d). The 2 mol.-% 

alumina found in the CS-40 sample might be unreacted due to a diffusion barrier as described 

for the TEOS-77 sample above [22]. 

 

An amorphous glass phase was found in position f with high silicon amount similar to the 

amorphous glass phase found in the TEOS-23 sample. Compositions prepared from Al2O3-to-

SiO2 molar ratio of 3.4:1 (TEOS-23 and CS-23 samples) formed phases of alumina-mullite in 

accordance with the phase diagrams [13, 18]. A difference of 4 mol.-% mullite was found in the 

TEOS-23 sample sintered at 1600 °C, as compared to the CS-23 sample [82]. The high degree 

of mullitization of the TEOS-23 sample is related to its almost complete densification prior to the 

mullitization onset. This is reflected in the peak intensities for mullite in the XRD patterns for 

TEOS-23 sample (see Appendix 12) and CS-23 sample (see Appendix 13). 

 

4.4 Material properties  

4.4.1 Mechanical properties 

Figure 4.20 to Figure 4.23 represent the Vickers hardness, the flexural strength, for samples 

sintered from 1200 °C to 1600 °C; the Weibull (M) distribution and the failure probability is 

shown for samples sintered at 1600 °C for 12 h. The flexural strength for fired samples at 

1600 °C were determined at 25 °C, at 500 °C and at 1000 °C with the three point bending 

model, see Figure 4.24. 

 

The Vickers hardness for TEOS-23 and CS-23 samples is shown in Figure 4.20 and details are 

listed in Appendix 24. The hardness of samples sintered from 1200 °C increases and shows a 



77 

 

maximum at 1400 °C. This was also found in [3]. The CS-23 sample possesses a high Vickers 

hardness compared to the TEOS-23 sample. The indentation test showed a high variability 

degree of scattering of the micro-hardness values. The scatter in the values of the samples 

arises from pores and inhomogeneities. The decrease in micro-hardness from 1400 °C to 1600 

°C is small, a value of ~9 GPa was obtained for the CS-23 sample and ~5 GPa for the TEOS-23 

sample. The values are lower than those of dense mullite showing 15 GPa at room temperature. 

For comparison, a Vickers hardness for alumina-mullite range from 9.2 GPa to 11.6 GPa [180]. 
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Figure 4.20: Vickers-hardness as a function of sintering temperature; samples sintered at 5 K 

min-1 with holding times of 12 h at peak temperature 

 

In Figure 4.21, the flexural strength (σi) for samples sintered from 1200 °C to 1400 °C increased 

up to 1400 °C and decreased slightly to 1600 °C. The CS-23 sample has a higher flexural 

strength as compared to the TEOS-23 sample; differences were observed for samples sintered 

for 3 h and 12 h holding times. The flexural strength for the TEOS-23 sample sintered for 3 h 

was found to be in the range from 12 MPa to 28 MPa. The CS-23 sample has a strength 

maximum at 1400 °C, and the strength decreases to 101 MPa at 1600 °C, see also [145]. 

 

The TEOS-23 sample sintered for 12 h represents an increase in flexural strength from 1200 °C 

to 1400 °C and decrease to ~6 % at 1600 °C, which was also found in [140]. A similar trend was 

observed for the CS-23 but with a decrease of ~5 % at 1600 °C. The initial low strength for the 
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samples sintered at 1200 °C is related to the high porosity, the low density and the almost 

unreacted and unsintered state of the sample, see also Figure 4.8. The increase of the flexural 

strength for samples sintered at 1400 °C is enabled by two factors: the formation of mullite from 

the starting components and the ongoing sintering process with its resulting microstructure. 

Inspite of the decrease of the porosity of samples sintered at 1400 °C and at 1600 °C, the 

flexural strength decreases from 1400 °C to 1600 °C. This effect was assigned to the silica 

phase, which is still present as a glass. 

 

Table 4.4: Mechanical properties of the samples TEOS-23 and CS-23, both sintered at 1600 °C 

for 12 h 

Sample Vickers 

hardness [GPa] 

Flexural strength 

0 [MPa] 

Weibull parameter 

(m) 

Young`s 

modulus [GPa] 

TEOS-23 5±2 33.8±5 7.7 27±2 

CS-23 9±2 99.5±14 7.6 49.2±2 
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Figure 4.21: Flexural strength of the samples TEOS-23 and CS-23 after firing at 1600 °C for 3h 

and for 12 h 

 

The variations in the flexural strength values shown in Figure 4.21 were evaluated using the 

Weibull statistics to determine the threshold strength (σo) for the samples. The Weibull plot and 

the failure probability of samples are shown in Figure 4.22 and Figure 4.23. The plot of Ln[ln(1/1-
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Pfi)] versus the fracture stress (Lnσi) provided the Weibull parameter (m) as the slope of the 

straight line. The threshold stress (σ0) from the location of the line was obtained when Ln[ln(1/1-

Pfi)] = 0. The failure probability was evaluated from the flexural strength (σi), the Weibull 

parameter (m) and the threshold stress (σ0) according to Eqn. (3.10). Weibull parameters m of 

7.7 and 7.6 were calculated for the TEOS-23 and CS-23 samples, respectively. Both sample 

series were sintered at 1600 °C for 12 h. The threshold strength (σ0) of 33.8 MPa was obtained 

for the TEOS-23 sample and 99.5 MPa for the CS-23 sample, see Table 4.4. These values were 

used with the flexural strength values to obtain the failure probability in Figure 4.23, and details 

are given in Appendix 26 
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Figure 4.22: Weibull plot for TEOS-23 and CS-23 alumina-mullite samples sintered at 1600 °C 

with 12 h holding times 

 

The data set of the alumina-mullite ceramics for the cumulative probability of failure [Ln[ln(1/1-

Pfi)] versus the fracture stress (Lnσi) do not lie on a straight line for both samples. This indicates 

some heterogeneity in microstructure originating from pores, grain boundaries and alumina-

mullite interfaces. This is also in good agreement of the scattering behaviour in the Vickers 

hardness values in Figure 3.3 and with SEM images as shown in Figure 4.8. It was found that, at 

strength values of 33.8 MPa (TEOS-23) and 99.5 MPa (CS-23) approximately 63 % of the 

samples failed, see Figure 4.23, details are shown in Appendix 26. 
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The degree of scattering in the flexural strength values for the TEOS-23 (i.e. 33.8±5 MPa) 

sample is less compared to the CS-23 sample (i.e. 99.5±14 MPa). The CS-23 sample, however, 

represents a higher strength. This results in a Weibull parameter of 7.7 for the TEOS-23 sample 

and of 7.6 for the CS-23 sample. From the engineering point of view, Weibull parameters 

obtained in this analysis from 7.6 to 7.7 lies in the range of calculated m values for ceramic 

reported from 5 to 20 [40]. Weibull parameters in the range from 4.4 to 13.6 were reported for 

sol-gel derived mullite ceramics, see Table 2.4 [135]. The data show less scattering. 
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Figure 4.23: Weibull distribution plot with probability of failure for TEOS-23 and CS-23 samples 

sintered at 1600 °C for 12 h holding times 

 

The differences in the strength values may be related to the interactions of the different 

components of the microstructure: pores, ceramic phases (alumina, mullite, glass phase) and 

their grain size distribution and grain boundaries. Less strength of the TEOS-23 sample may 

originate from its high porosity (34 %). The relation between the flexural strength and the 

porosity (21% to 34 %) is shown in Eqn.(4.1), which was also shown for samples investigated in  

[139]. The difference of 4 mol.-% alumina in the CS-23 obtained at 1600 °C might have 

increased its flexural strength. Mullite ceramics are reported to retain ~90 % of its flexural 

strength at 1500 °C and reduce its flexural strength on further heating. A similar trend was 

shown by the samples studied in [183]. Aksel [181] observed a porosity of 23 % and 25 % with 
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slip-cast alumina-mullite ceramics having a flexural strength of 10 MPa and 8 MPa, respectively. 

The higher strength reported in the produced alumina-mullite sample is associated with the 

homogeneous process of the sol-gel method with ball milling and the difference in the alumina 

amount [7]. 

 

σ   σ          (4.1) 

where fs is the flexural strength of the porous material, P is the porosity, o is flexural strength 

of the non-porous ceramic and n is the experimental constant. 

 

The calculated Young`s moduli are shown in Table 4.4. A low Young`s modulus of 27 GPa was 

obtained for the TEOS-23 sample compared to 49 GPa for the CS-23 sample. This is similar to 

the differences in flexural strength values presented above. In comparison, a Young`s modulus 

of 410 GPa is reported for dense alumina compared to 144 GPa for dense mullite [40]. 

Moreover, a flexural strength value of 10 MPa with a Young`s modulus of 9.7 GPa are reported 

for alumina-mullite ceramics in [181]. 

 

 

 

Figure 4.24: Flexural strength at 25 °C, 500 °C and 1000 °C of TEOS-23 and CS-23 samples 

sintered at a temperature of 1600 °C for 12 h 
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Figure 4.24 shows the results of the three point bending test performed on samples previously 

fired at 1600 °C for 12 h. The first sample was tested at 25 °C, the second at 500 °C and the 

third at 1000 °C. Measurements were conducted at a heating rate of 5 K min-1 with a holding 

time of 30 minutes before the load was applied. This was carried out to achieve temperature 

uniformity. A drop in flexural strength with increasing temperature was observed for all the 

samples. The flexural strength versus the temperature plot displays a drop in strength at 500 °C. 

The strength decrease was approximately 25 % for the TEOS-23 sample and ~7 % for the CS-

23 ceramic sample. Some authors reported that an increase in the temperatures stimulates the 

thermal vibrations of the material’s constituents resulting in a change of the tetrahedral and 

octahedral angles. This leads to the formation of point’s defects followed by expansion 

weakening of the chemical bonds. A consequence is the reduction of the strength of the 

materials [1, 129]. 

 

4.4.2 Thermal properties 

Figure 4.25 and Figure 4.26 shows the thermal properties of the as-sintered alumina-mullite 

ceramics measured from room temperature to 1000 °C, for details see Appendix 27 and 

Appendix 28. 
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Figure 4.25: Thermal behaviour of heat treated TEOS-23 alumina-mullite ceramic samples after 

sintering at 1600 °C for 12 h, : thermal conductivity, CP: Heat capacity and Dth: 

thermal diffusivity 

 



83 

 

The thermal conductivity values for TEOS-23 and CS-23 alumina-mullite samples were found to 

decrease with increasing temperature and are almost constant from above 800 °C to 1000 °C 

[149]. The thermal conductivity of the TEOS-23 ceramic decreases from 1.17 W m-1 K-1 to 0.65 

W m-1 K-1 compared to 5.56 W m-1 K-1 to 3.21 W m-1 K-1 for the CS-23 sample [134]. A high 

thermal conductivity value was measured for the CS-23 sample. The differences in the values 

may be explained by their differences in porosity and by the different silica precursor used for 

the sample preparation. From this result, a high density CS-23 sample possesses the highest 

thermal conductivity. This correlates with its bulk density of 2.9 g cm-3 compared to the TEOS-23 

sample with a density of 2.3 g cm-3. In comparison, the thermal conductivity of dense mullite 

ceramic is reported to decrease from 6 to 4 W m-1 K-1 [152]. The average thermal conductivity of 

dense mullite is shown in blue dotted lines in Figure 4.26. A lower thermal conductivity was 

measured for both ceramic samples which are related to their porosity [134]. 
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Figure 4.26: The thermal behaviour of heat treated CS-23 alumina-mullite ceramic samples after 

sintering at 1600 °C with holding time of 12 h. : thermal conductivity, CP: heat 

capacity and Dth: thermal diffusivity 

 

The specific heat capacity increases from 100 °C to 1000 °C with a corresponding decrease in 

thermal diffusivity. A specific heat of 1.22 J g-1 K-1 (TEOS-23) and of 1.24 J g-1 K-1 (CS-23) was 

found at 1000 °C. The specific heat is reported to be influenced by the material’s porosity, grain 

size and shape. In comparison, the specific heat of 1.26 J g-1 K-1 is reported for dense mullite at 

1000 °C compared to 1.25 J g-1 K-1 for dense Al2O3 [40]. Similar decrease in thermal diffusivity 
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and increase in heat capacity values for mullite ceramics are reported in [53, 146]. The TEOS-23 

alumina-mullite sample with high porosity represents a small thermal conductivity and a small 

specific heat. The thermal conductivity has been reported to depend on the content of pores 

according to Eqn. (4.2) [134]. 

 

            (4.2) 

where λ is the value for dense material and Vp is the porosity  

 

Figure 4.27 shows the linear thermal expansion behaviour of samples sintered at 1600 °C for 3 

h and 12 h holding times.  
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Figure 4.27: Linear coefficient of thermal expansion of TEOS-23 and CS-23 samples sintered at 

1600 °C for 3 h and 12 h 

 

Dilatometer measurement showed a linear and a non linear increase in the thermal expansion 

from room temperature to 1500 °C [150]. The TEOS-23 ceramic sample sintered at 1600 °C for 

3 h showed a linear increase in the CTE to approximately 1250 °C. Above this temperature, its 

length decreases by ~1 % of its original length and its CTE shows a non-linear behaviour and 

increases to 1500 °C. The TEOS-23 and CS-23 samples sintered for 12 h at 1600 °C show a 
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linear increase in the CTE from 20 °C to 1500 °C. At a maximum of 1500 °C, a linear CTE of 6.9 

* 10-6 K-1 was measured for the TEOS-23 sample compared to 6.4 * 10-6 K-1 for the CS-23 

sample, respectively, see also ref. [152]. 

 

The TEOS-23 ceramic sample sintered at 1600 °C for 3 h, showed a non-linear behaviour in its 

CTE above 1250 °C. This behaviour might be assigned to the amorphous glass phase 

determined from XRD measurements, which appear as a non-reacted component in the 

composite material. By heating during thermal expansion measurements, the un-reacted glass 

phase (see Figure 4.17) may react with alumina resulting in a decrease in bulk volume. This 

effect was not found in TEOS-23 and CS-23 samples sintered at 1600 °C for 12 h. Mullite is 

reported to show an average linear thermal expansion coefficient from 4.5 * 10-6 K-1 to 7.5 * 10-6 

K-1 in the temperature range from 200 °C to 1600 °C [150, 152]. The thermal expansion of 

mullite is relatively low compared to that of α-Al2O3, which is in the range of 5.4 * 10-6 K-1 to 9.5 * 

10-6 K-1 [37, 149]. It must be noticed that the values obtained in this work are located at the 

midpoint of the average for mullite and alumina CTE as reported in [168]. 

 

The linear coefficient of thermal expansion for the CS-23 ceramic sample is low compared to a 

higher value measured for the TEOS-23 sample. This effect is not clear yet. However, the 

amorphous phase found in the TEOS-23 sample, its high porosity and its microstructure 

influence its CTE. The differences in the CTE of the TEOS-23 and the CS-23 sample may 

originate from the different silica source used and their final alumina amount. Schneider et al [53] 

observed that the composition which controlled the expansion of Al octahedral, Al tetrahedral 

and oxygen vacancies distribution is associated with the Al2O3 content of mullite and increases 

the CTE of mullite differently in the corresponding lattice, see Appendix 1. This might be a 

possible reason for the observed increase in the linear CTE of the ceramic samples since they 

contain mullite and alumina. The low thermal expansion coefficient of these materials may be 

associated with a good resistance to thermal shock [37, 38]. 

 

4.5 Thermo-shock behaviour 

The thermo-shock behaviour of the produced alumina-mullite ceramics was evaluated based on 

the thermophysical data obtained in this work and by tracing crack growth after a thermo-shock 

with non-destructive µ-CT. 
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In the first method the critical temperature difference for expected failure (∆T) and the thermal 

shock resistance to fracture initiation by thermal stresses (Rs) were calculated based on the 

threshold strength, the Young`s modulus, the coefficient of thermal expansion and the thermal 

conductivity values determined at room temperature. A Poisson’s ratio of 0.2 for mullite ceramics 

found in the literature was used [40]. The thermophysical data and calculated T and Rs values 

for TEOS-23 and CS-23 (both sintered at 1600 °C for 12 h) are listed in Table 4.5. 

 

Table 4.5: Evaluated parameters 

Properties TEOS-23 CS-23 

porosity [%] 34 21 

micro-hardness at room temperature, [GPa] 5±2 9±2 

bending strength at room temperature, σo, [MPa] 33.8±5 99.5±14 

Young’s modulus at room temperature, E,  [GPa] 27 49.9 

coefficient of thermal expansion from 20 °C to 1573 °C, *10-6, 

[K-1] 
5.65-6.97 4.54-6.48 

Density, ρb, [g cm-3] 2.3±0.2 2.9±0.2 

thermal conductivity from room temperature to 1000 °C, , 

[W m-1 K-1] 
1.17-0.65 5.56-3.22 

heat capacity from room temperature to 1000 °C, [J g-1 K-1],  0.77-1.23 0.75-1.24 

thermal diffusivity from room temperature to 1000 °C, [mm2 s-1] 1.26-0.46 2.55-0.91 

critical temperature difference for expected failure (∆T), [K] 177.25 351.36 

thermal shock resistance to fracture initiation by thermal 

stresses (Rs), [kW m-1] 
0.21 1.95 

 

A critical temperature difference of 351 K and thermal shock parameter Rs of 1.95 kW m-1 was 

obtained for the CS-23 ceramic sample, and 177 K and 0.21 kW m-1 for the TEOS-23 sample, 

respectively. The high value of the CS sample might be related to the high flexural strength of 

the CS sample having a value of 99.5 MPa; the value of the TEOS sample is 33.8 MPa. The 

increase in the critical temperature difference might be related to the high level of porosity in the 

range of 21 % to 34 %; a porosity of 23 % to 25 % was reported for slip-cast alumina-mullite in 

ref. [181]. Other authors reported similar thermal shock temperature difference from 181 K to 

215 K and thermal shock sensitivity values ranging from 1.40 kW m-1 to 1.56 kW m-1 for porous 
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corundum-mullilte [180]. However, a direct comparison cannot be given due to differences in the 

starting materials and the resulting differences in the microstructure. 

 

In the second approach, a µ-CT was used to image the alumina-mullite samples, which were 

thermally shocked following 5, 10, 15 and 20 cycles of heating to 1200 °C (5 K min-1). The 

density values of the as-shocked and dried samples (500 °C, 3h) are listed in Table 4.6 and 

Table 4.7. No significant changes were observed for the measured density values confirming 

material stability during rapid thermal expansion and contraction. 

 

Table 4.6: Density of the CS-23 sample heat treated at 1600 °C for 12 h and quenched in water 

following 20 cycles 

Thermal shock 

cycles 

Height 

[mm] 

Length 

[mm] 

Width 

[mm] 

Mass 

[g] 

Density 

[g cm-3] 

0 2.00 6.00 3.00 0.1064 2.9555 

5 (1000 °C) 1.99 6.01 2.99 0.1065 2.9781 

10 (1000 °C) 1.99 6.00 2.99 0.1064 2.9803 

15 (1000 °C) 1.98 6.01 3.00 0.1065 2.9832 

20 (1200 °C) 1.98 6.01 2.99 0.1065 2.9932 

 

Table 4.7: Density of the TEOS-23 sample heat treated at 1600 °C for 12 h and quenched in 

water following 20 cycles 

Thermal shock 

cycles 

Height 

[mm] 

Length 

[mm] 

Width 

[mm] 

Mass 

[g] 

Density 

[g cm-3] 

0 2.00 6.00 3.00 0.0835 2.3194 

5 (1000 °C) 2.01 6.00 2.99 0.0836 2.3183 

10 (1000 °C) 2.01 5.99 3.00 0.0836 2.3145 

15 (1000 °C) 2.01 5.99 3.01 0.0835 2.3040 

20 (1200 °C) 2.01 6.00 3.01 0.0836 2.3029 

 

The samples were inspected by µ-CT before and after thermal cycling. The TEOS-23 alumina-

mullite ceramic sample returns its shape and stability after 20 thermal cycling tests to 1200 °C, 

see Figure 4.28 (top). A thermally induced crack was identified by μ-CT analysis in the CS-23 

sample after the fifth cycle and it was found that the crack propagates less continuously during 
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the 10th and 20th thermal cycles, see Figure 4.28 (bottom). Figure 4.28 shows the samples 

before (a, b), and after 5th (b, e) and 20th (c, f) cycles. Pictures of samples tested with different 

sizes are shown in Figure 4.29. 

 

The TEOS sample showed fast absorption of water compared to the CS sample resulting in 

bubbles some seconds after the sample was thermally shocked in water. This is a hint to the 

high porosity and pore shape: it is believed that this sample possesses ink-bottle shaped pores. 

The CS-23 sample, however, is less sensitive to thermal shock. These differences are illustrated 

in the µ-CT 3D images from the TEOS-23 and from the CS-23 sample. The TEOS-23 sample 

with a porosity of 34 %, a total pore volume of 0.3 cm3 g-1 and pore diameters in the range from 

0.2 µm to 7 µm presents good thermal shock behaviour with no crack after thermal cycling. The 

CS-23 sample, however, is significantly more sensitive to crack formation during thermal cycling. 

Its porosity is smaller (21 % with a total pore volume of 0.1 cm3 g-1) and pore diameters ranging 

from 0.5 µm - 5 µm. 

 

 

Figure 4.28: -CT slices of the alumina-mullite ceramic samples after sintering at 1600 °C for 

12  h; (top: TEOS-23; bottom: CS-23 sample) thermally shocked from 1000 °C to 

1200 °C and quenched with water. Images of sample before (a, d) after 5th (b, e) 

and 20th (c, f) thermal cycle 

 

Samples with different dimensions were also tested and imaged before and after the 10 th and 

20th cycles, see Figure 4.29. The sample size represents different temperature behaviours (T) 

when thermally shocked. Smaller samples as shown in Figure 4.29 (c, d) with a maximum 
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thickness of 2 mm withstand 20 cycles of thermal shock compared to 10 cycles for samples with 

a larger size, as shown in Figure 4.29 (a, b). The CS-23 sample represents less stability to 

thermal shock compared to the TEOS-23 sample, identified in both small and large samples. 

Hence, increase in size of samples reduces the thermal stability, and the CS-23 sample with 

large size crumbles into smaller particles during the 10th cycle (see Figure 4.29 (b)). Sample 

pictures after the 20th cycle did not showed cracks, but µ-CT detected a crack in the CS sample 

already after the 5th cycle. 

 

 

Figure 4.29: Pictures of TEOS-23 and CS-23 samples with different dimensions thermally 

shocked 

 

The crack formation started during the 5th thermal cycle for the CS-23 sample. Computed values 

based on experimental data, cf. Table 4.5, revealed a critical temperature difference of 351 K 

and a thermal shock resistance of 1.95 kW m-1 for the CS-23 sample. For the TEOS-23 sample 

values of 177 K and 0.21 kW m-1 were computed, respectively. In the TEOS-23 sample no 

cracks were found. This is, however, in contradiction to the expected thermo shock behaviour. 

Both, the amorphous/crystalline phases as well the porosity influence the thermo shock 

behaviour in a complex manner. Both sample series showed mullite formation and residual 

alumina; both components have been quantified. However, the amount of the remaining glassy 

phase is not known. Moreover, the thermal properties of the glassy phase are still unknown. 
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Thus, it is not possible yet to develop a model which describes the thermo mechanical behaviour 

of this system. It might be plausible, that the amount of sodium ions remaining in the CS system 

(1.78 mg l-1) influences the phase formation a) during mullitization and b) while being dissolved 

within the silica matrix. This provides uncertainties in the prediction of the composition of the 

microstructure, and consequently no modelling of the thermo mechanical behaviour is possible. 

 

 

The overall performance of the alumina-mullite ceramics depend on their microstructure: the 

phase amount of crystalline phases (mullite, alumina), the phase amount of amorphous phases, 

the grain boundaries, the homogeneity of the phase distribution and the porosity (the shape of 

pores, the pore size distribution and the number of pores) influence the thermo mechanical 

properties. It has been found that samples with higher porosity (shown in the TEOS-23 sample) 

may accommodate more thermo mechanical stress as compared to samples with a lower 

porosity. In contrast: the T and Rs values lead to the assumption that the sample with lower 

porosity has a better thermo shock performance. This contradictory behaviour might be 

explained with an inhomogeneous distribution of the phases which built up the material. 

Moreover the role of the amorphous phase (its chemical composition and the resulting properties 

and its share within the composite material) and its influence on the thermal properties is not 

clear. 

 

 

 

 

 

 

 

 

 

 

 

 

. 



91 

 

5 Summary and outlook 

The aim of this work was to develop an alumina-core/mullite-shell like composite material and to 

link its microstructure with its mechanical and thermal properties. Four different compositions 

were choosen based on two different silica precursors: as a model precursor tetraethyl 

orthosilicate (TEOS) was used. This type of silica source does not contain any alkali cations. 

The second silica precursor was colloidal silica (CS). This silica source is stabilized with sodium 

cations which have to be removed prior to processing; it is a precursor of high technical 

relevance. 

 

The compositions were calculated to have a) a surplus of silica, which should result in a 

complete conversion of the alumina and b) a deficit of silica. This should result in the 

development of a core/shell like structure. The processing was carried out by known sol-gel 

syntheses for both systems, and different shapes of the ceramic parts were realized via a 

casting process. 

 

The microstructure was characterised by means of solid state characterisation: XRD, SEM-EDX, 

porosity analysis and TEM investigations. Mechanical properties (flexural strength from room 

temperature to 1000 °C; hardness at room temperature) and thermophysical properties were 

analysed. Based on the thermophysical data the temperature difference T and the thermo 

shock parameter Rs were computed. In order to verify these calculated parameters thermo 

shock experiments were carried out and crack development was monitored with micro 

computertomography. 

 

The slurries of both systems showed a viscosity behaviour which allows a simple casting 

process: shear thinning was found resulting in a homogeneous distribution of the alumina 

particles within the system. The altering times necessary for the sol-to-gel transformation, 

however, was in the range of several weeks. 

 

Reactive sintering was carried out in air in the temperature range from 1200 °C to 1600 °C, and 

the phase amount was estimated by XRD in combination with Rietveld analysis. It was found 

that the onset temperature of the mullite formation is in all samples in the same temperature 

range starting between 1300 °C and 1400 °C. However, this is assigned to the crystalline phase; 
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thermal analysis and investigations of the linear change indicated a difference in the onset of 

shrinkage: the onset of dimensional change in the CS-sample series was found at ~ 1100 °C, 

and that of the TEOS series was found at ~ 1200 °C. From these findings it was concluded that 

the CS precursor contributes to the control of the mullite formation, and it is assumed that the 

remaining sodium cations, even if their concentration is low, increase the mobility of the Al3+ and 

Si4+ species during reaction. However, the role of alkali is not clear yet. 

 

Moreover it was found that the same amount of silica from TEOS and CS precursor (here: 23 

mol.-%) resulted in a similar final composition of the as received ceramic. A surplus of the silica 

precursor content lead to a higher amount of mullite; in the case of CS an almost complete 

conversion was found while in the TEOS system the unreacted alumina content was significantly 

higher as compared to that of the CS system. This proves the hypothesis that the alkali ions 

contribute to the control of the mullite formation. 

 

The porosity was found to be higher in the TEOS derived systems, which was assigned to the 

loss of four ethoxy groups during the sol-to-gel transformation process. The total porosities were 

measured to be 21 % in the CS-23 system and 34 % in the TEOS-23 system after thermal 

treatment at 1600 °C for 12 h. 

 

In SEM investigations a part of the matrix was identified to be in an amorphous state and not 

completely reacted to mullite. With the help of TEM investigations the state of each phase of the 

composite was identified. Beside mullite and alumina as crystalline phases, a significant amount 

of an amorphous phase was found consisting of silica with some amount of alumina (~ 4 mole 

%). Moreover, results from the TEM investigations suggest that the mullite formation in the 

TEOS derived system is favoured due to a good wettability of the alumina particles and the 

intimate contact at the interface. However, the sol particles in the CS system showed a lower 

onset temperature of the mullite formation. 

 

Both sample series showed sufficient flexural strength even at 1000 °C; the flexural strength 

values of the TEOS samples showed a higher decrease with an increase of the measuring 

temperature (~25 % of its value as measured at room temperature) as compared to the CS 

sample having a decrease of ~ 7 % at 500 °C to 1000 °C. The Weibull moduli for both sample 

series were in good accordance with data from literature. 



93 

 

The thermophysical data, thermal conductivity, thermal diffusivity, heat capacity and coefficient 

of thermal expansion were used to compute the critical temperature difference for expected 

failure (∆T) and the thermal shock resistance to fracture initiation by thermal stresses (Rs). The 

results of these calculations suggest that the CS samples possess the better thermo shock 

performance. However, in thermo shock experiments it was found, that cracks appear in the CS 

samples while the TEOS derived samples remained crack-free even after 20 thermo shock 

cycles. It was concluded, that the phases within the microstructure might be inhomogeneous 

distributed which generates different levels of thermally induced stress, resulting in an 

inhomogeneous stress distribution. 

 

In this work it has been shown, that an alumina-core/mullite-shell like microstructure can be 

formed using two different silica precursors and α-alumina powder. The reaction mechanisms 

seem to vary as a function of the precursor type, which was assigned to the remaining amount of 

alkali ions in the colloidal silica precursor. Both sample series show a pronounced porosity and 

both sample series are composed of mullite, alumina and a glassy phase. The composition and 

the amount of this glassy phase as a component of the microstructure is not well understood yet. 

This is of disadvantage, since it does not allow modelling and simulation of the mechanical and 

thermal properties. 

 

Ongoing work should be focused on the analysis of the amorphous phase (total amount, 

composition and properties), on the phase homogeneity (grain size, phase distribution within the 

composite material) and on mechanical properties on a nanometer scale. A combination of small 

angle diffraction methods, local compositional analysis, local/global chemical bond analysis and 

nanoindentation should be able to provide a deeper understanding of the resulting material 

properties, which, in turn, can be used for the optimisation of the microstructure; one of the key 

factors might be the variation in filler size and the filler volume fraction of the system. 

 

 

 

 

 

. 

. 
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Appendices 

 

Appendix 1: Thermal expansion coefficients of mullite 

Composition 

*) 

Method Temperature 

[°C] 

α [*10-6 K-1] ref. 

α(a) axis α(b) axis α(c) axis αA axis 

0.25 XRD 300-1000 4.1 6.0 5.7 5.3 [53] 

0.25 ND 1000-1600 6.8 9.3 6.3 7.5 [150] 

0.39 DIL 300-1000 4.5 6.1 7.0 5.9 [149] 

0.39 DIL 100-1400 6.2 7.3 6.9 6.8 [149] 

0.24 XRD 300-900 3.9 7.0 5.8 5.6 [148] 

*) The mullite composition is given by Al4+2xSi2-2xO10-x, where x is the number of oxygen 

vacancies per unit cell, XRD: high-temperature x-ray diffraction, ND: high temperature neutron 

diffraction, DIL: high temperature single crystal dilatometry, α: linear thermal expansion 

coefficient, average of thermal expansion in the different axis is given by αA: (α(a) + α(b) + α(c))/3 
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Appendix 2: Corrosion resistance of mullite in comparison to alumina 

Reactant Mullite Al2O3 

acid HCL good good 

HNO3 good good 

H2SO4 good good 

alkali NaOH - fair 

KOH fair good 

molten salt NaOH bad (500) good (500) 

KOH bad (500) fair (500) 

K2CO3 good (1000) good (1000) 

Na2CO3 - good (1000) 

slag acidic good good 

neutral good good 

basic fair fair 

molten 

metal 

Al good fair 

Fe bad fair 

gas vacuum good (1500) good (1700) 

O2 good (1500) good (1900) 

Ar good good (1700) 

H2O good good (1700) 

NH3 good - 

HCl good good 

CO good good(1700) 

CO2 good good(1200) 

SO2 good good 

Temperatures in °C are represented in parentheses; adapted from [1] 
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Appendix 3: Typical product properties of CT3000SG [202] 

Properties Values 

specific surface area [m2 g-1] 7.5 

particle size, d50 Cilas [μm] 0.5 

density [g cm-3] 3.90 

percentage of Al2O3 99.8 

 

 

Appendix 4: Microstructure of alumina (left) and particle size distribution (right) as provided by 

the supplier [31] 

    

 

 

Appendix 5: Composition of the as-prepared TEOS-23 sample 

Parameters Sol-gel system 

TEOS C2H5OH H2O SiO2 Al2O3 

molecular weight [g mol-1] 208.33 46.07 18.01 60.08 101.96 

volume [ml] 20 7 3 - - 

mass [g] 18.68 5.67 3.00 5.39 30.62 

number of moles  0.0896 0.1230 0.1665 0.0897 0.3003 

mole ratio 1 3.4 

mol.-% 23 77 
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Appendix 6: Composition of the as-prepared TEOS-77 sample 

Parameters Sol-gel system 

TEOS C2H5OH H2O SiO2 Al2O3 

molecular weight [g mol-1] 208.33 46.07 18.01 60.08 101.96 

volume [ml] 67 23 10 - - 

mass [g] 62.58 18.63 10.00 18.05 9.15 

number of moles 0.3004 0.4043 0.5500 0.3004 0.0890 

mole ratio 3.4 1 

mol.-% 77 23 

 

 

 

Appendix 7: Characteristics of colloidal silica (CS) as provided by the supplier (Chemiewerk Bad 

Köstritz GmbH, Bad Köstritz, Germany) 

Parameter  Characteristic Parameter Characteristic 

particle size ~35 nm pH value 9.6 

specific surface area 80 m2 g-1 density 1.39 g cm-3 

Wt.-% Na2O 0.25 viscosity at 25 °C 20 mPa∙s 

 

 

 

Appendix 8: Characteristics of Lewatit MonoPlus S 108 resin as provided by the supplier (Kurt 

Obermeier GmbH & Co.KG, Bad Berleburg, Germany) 

Property Characteristic 

ionic form as supplied Na+ 

functional group sulfonic acid 

matrix cross linked polystryrene 

structure gel type beads 

mean bead size 0.62 mm ± 0.05 mm 

stability (pH range) 0-14 
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Appendix 9: Composition of the as-prepared CS-23 sample 

Parameters Sol-gel system 

CS C2H5OH H2O SiO2 Al2O3 

molecular weight [g mol-1] 78.09 46.07 18.01 60.08 101.96 

volume [ml] 18.5 9.9 4.9 - - 

mass [g] 25.62 8.02 4.95 19.72 113.58 

number of moles 0.328 0.174 0.275 0.328 1.114 

mole ratio 1 3.4 

mol.-% 23 77 

 

 

 

Appendix 10: Composition of the as-prepared CS-40 sample 

Parameters Sol-gel system 

CS C2H5OH H2O SiO2 Al2O3 

molecular weight [g mol-1] 78.09 46.07 18.01 60.08 101.96 

volume (ml) 33.32 17.88 8.94 - - 

mass (g) 46.14 14.48 8.94 35.50 90.30 

number of moles 0.591 0.314 0.496 0.591 0.886 

mole ratio 2 3 

mol.-% 40 60 
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Appendix 11: Phase composition of samples sintered in the temperature range from 1100 °C to 

1600 °C  with a temperature slope of 5 K min-1 with holding times of 12 h 

Temp. 

[°C] 

System Cristobalite  

[mol.-%] 

Corundum  

[mol.-%] 

Mullite  

[mol.-%] 

1100 

TEOS-23 0 100 0 

TEOS-77 0.5 99 0 

CS-23 1 99 0 

CS-40 4 96 0 

1200 

TEOS-23 10 90 0 

TEOS-77 23 77 0 

CS-23 8 92 0 

CS-40 27 73 0 

1300 

TEOS-23 14 86 0 

TEOS-77 41 59 0 

CS-23 6 94 0 

CS-40 29 71 0 

1400 

TEOS-23 10 86 4 

TEOS-77 44 56 0.1 

CS-23 2 75 23 

CS-40 26 67 7 

1500 

TEOS-23 2 63 35 

TEOS-77 39 41 20 

CS-23 0 65 35 

CS-40 0 12 88 

1600 

TEOS-23 0 56 44 

TEOS-77 24 2 74 

CS-23 0 60 40 

CS-40 0 2 98 
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Appendix 12 
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Figure 5.1: XRD patterns of the TEOS-23 samples sintered at different temperatures with 

holding times of 12 h 
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Appendix 13 
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Figure 5.2: XRD patterns of the CS-23 samples sintered at different temperatures with holding 

times of 12 h 
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Appendix 14 
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Figure 5.3: XRD patterns of the TEOS-77 samples sintered at different temperatures with 

holding times of 12 h 

 

 

Appendix 15: XRD phase composition of samples sintered in a temperature range from 1200 °C 

to 1600 °C with a holding times of 3 h 

Temp. 

[°C] 

TEOS-23 CS-23 

cristobalite 

[mol.-%] 

corundum 

[mol.-%] 

mullite 

[mol.-%] 

cristobalite 

[mol.-%] 

corundum 

[mol.-%] 

mullite 

[mol.-%] 

1200 1 99 - 2 98 - 

1300 3 98 - 3 97 - 

1400 8 92 - 10 89 1 

1500 5 75 20 4 68 28 

1600 3 72 25 2 64 34 
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Appendix 16: Density and porosity of samples sintered at different temperatures with holding a 

time of 12 h 

Temp. [°C] Properties TEOS-23 CS-23 TEOS-77 CS-40 

1200 

ρB [g cm-3] 1.72±0.02 2.61±0.02 1.33±0.02 2.81±0.02 

ρS [g cm-3] 3.51±0.02 3.84±0.02 2.98±0.02 3.19±0.02 

porosity [%] 51 32 56 12 

1400 

ρB [g cm-3] 2.12±0.02 2.74±0.02 1.51±0.02 2.84±0.02 

ρS [g cm-3] 3.64±0.02 3.75±0.02 2.99±0.02 3.16±0.02 

porosity [%] 42 27 50 10 

1600 

ρB [g cm-3] 2.31±0.02 2.96±0.02 1.71±0.02 2.89±0.02 

ρS [g cm-3] 3.52±0.02 3.76±0.02 2.93±0.02 3.15±0.02 

porosity [%] 34 21 42 8 

porosity [%] 

(μ-CT) 
26 11 - - 

where ρB = bulk density, ρS = skeletal density 

 

 

 

Appendix 17: Chemical composition found in EDX spot analysis (see Figure 4.17 (i)), TEOS-23 

sample sintered at 1200 °C for 3 h 

Position Mol.-% 

O Al Si 

11 20 78 0.2 

12 20 30 15 
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Appendix 18: Chemical composition found in EDX spot analysis (see Figure 4.17 (iii)), TEOS-23 

sample sintered at 1600 °C for 3 h 

Position Mol.-% 

Al Si O 

a 31 0 63 

b 27 1 66 

c 3 14 47 

d 8 15 58 

e 2 15 52 

 

 

 

Appendix 19: Chemical composition found in EDX spot analysis (see Figure 4.17 (ii)), TEOS-23 

sample sintered at 1600 °C for 3 h 

Position 
Mol.-% 

Al Si O 

a 35 0.1 63 

b 10 15 69 

c 32 0.9 58 

d 22 6 58 

 

 

 

Appendix 20: Chemical composition found in EDX spot analysis (see Figure 4.17 (iv)), TEOS-23 

sample sintered at 1600 °C for 12 h 

Position 
Mol.-% 

Al Si O 

i 46 0.1 53 

j 41 1 50 

m 31 7 51 

n 2 0.3 27 
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Appendix 21: Chemical composition found in EDX spot analysis (see Figure 4.18 (i)), TEOS-77 

sample sintered at 1600 °C for 12 h 

Position 
Mol.-% 

Al Si O 

a 33 9 58 

b 33 8 59 

c 3 29 68 

d 30 8 61 

e 4 27 68 

f 29 8 65 

 

 

 

 

Appendix 22: Chemical composition found in EDX spot analysis (see Figure 4.19 (i)), CS-40 

sample sintered at 1600 °C for 12 h 

Position 
Mol.-% 

Al Si 0 

a 34 8 58 

b 34 8 59 

c 34 8 58 

d 30 7 63 

e 30 6 64 

f 31 7 62 

g 42 0.3 57 
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Appendix 23: Chemical composition found in EDX spot analysis (see Figure 4.19 (iii)), CS-23 

sample sintered at 1600 °C for 12 h 

Position Mol.-% 

Al Si 0 

a 37 1 62 

b 42 0.2 57 

c 42 0.2 56 

d 17 14 65 

f 5 21 62 

 

 

 

Appendix 24: Vickers hardness, sample sintered for 5 K min-1
 with holding times 12 h 

Sample TEOS-23 [GPa] CS-23 [GPa] 

1200 4±2 6±2 

1400 6±2 10±2 

1600 5±2 9±2 

 

 

 

Appendix 25: Flexural strength vs firing temperature for CS-23 and TEOS-23 samples after a 

sintering time of 3 h and 12 h 

Temp. [°C] TEOS-23, 3 h TEOS-23, 12 h CS-23, 3 h CS-23, 12 h 

1200 12±5 MPa 20±5 MPa 40±14 MPa 50±14 MPa 

1400 19±5 MPa 36±5 MPa 112±14 MPa 102±14 MPa 

1600 28±5 MPa 32±5 MPa 101±14 MPa 93±14 MPa 
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Appendix 26: Calculation of the failure probability for TEOS-23 and CS-23 samples sintered at 

1600 °C (12 h holding times) 

i TEOS-23, σi, [MPa] Failure probability CS-23, σi, [MPa] Failure probability 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

26 

28 

28 

29 

30 

31 

32 

33 

39 

41 

0.11 

0.23 

0.25 

0.27 

0.32 

0.39 

0.49 

0.64 

0.96 

0.99 

72 

81 

86 

88 

89 

91 

93 

99 

101 

127 

0.08 

0.19 

0.27 

0.33 

0.35 

0.40 

0.46 

0.62 

0.68 

0.99 

where σi :flexural strength 

 

 

Appendix 27: Thermal properties of TEOS-23 ceramic samples after sintering at 1600 °C for 

12 h 

Temperature 

[°C] 

Thermal conductivity 

[W m-1 K-1] 

Heat capacity 

[J g-1 K-1] 

Thermal diffusivity 

[mm2 s-1] 

25 1.16 0.77 1.26 

100 0.99 0.87 0.96 

200 0.84 0.97 0.72 

300 0.78 1.04 0.63 

400 0.75 1.09 0.57 

500 0.72 1.12 0.54 

600 0.69 1.14 0.51 

700 0.67 1.15 0.49 

800 0.66 1.17 0.48 

900 0.65 1.19 0.47 

100 0.65 1.22 0.45 
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Appendix 28: Thermal properties of CS-23 ceramic sample after sintering at 1600 °C for 12 h 

 

Temperature 

[°C] 

Thermal conductivity 

[W m-1 K-1] 

Heat capacity 

[J g-1 K-1] 

Thermal diffusivity 

[mm2 s-1] 

25 5.56 0.75 2.54 

100 5.03 0.90 1.92 

200 4.51 1.01 1.55 

300 4.15 1.07 1.34 

400 3.92 1.12 1.21 

500 3.75 1.15 1.12 

600 3.58 1.18 1.05 

700 3.50 1.20 1.02 

800 3.35 1.22 0.95 

900 3.33 1.23 0.94 

1000 3.21 1.24 0.91 
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