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ABSTRACT 
Mullite-glass composites were obtained by solid-state reactive sintering of kaolinite 

clay and kaolin waste mixtures with waste additions up to 100 wt.%. The structural and 

microstructural analysis of starting powders and sintered samples were evaluated by X-

ray diffractometry (XRD) and field-emission scanning electron microscopy (FESEM). 

The mechanical properties were evaluated by measuring the flexural strength of sintered 

bodies. Electrical properties of the composites were assessed by impedance 

spectroscopy (at 30 ºC and from 400 to 700 °C) in air. A viscous flux mechanism 

resulting from the glassy phase filled up the open porosity and increased the mechanical 

strength. Electrical conductivity, dielectric constant and dielectric loss were strongly 

dependent on the microstructural features, namely glassy phase and porosity. The 

activation energies (0.89 - 0.99 eV) for electrical conduction were lower than typical 

literature values of mullite-based materials. The results indicated that the herein 

synthesized mullite-glass composites with up to 53.6 wt.% mullite are promising low-

cost materials for electronics-related applications.  

Keywords: Mullite; glassy phase; microstructure; electrical/dielectric properties; 

impedance spectroscopy. 
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Highlights 

 

• Mullite-glass composites from kaolin waste-based formulations. 

• Effect of microstructure on properties of mullite-glass composites. 

• Electrical and dielectric properties by impedance spectroscopy.    

• Low-cost material for electronics-related applications.  

 

1. Introduction 

Mullite is one of the most common crystalline phases in ceramic materials. The 

two main mullite compositions are 3Al2O3.2SiO2 and 2Al2O3.SiO2 which are known as 

mullite 3:2 (stoichiometric mullite) and mullite 2:1, respectively [1,2]. Mullite has been 

qualified as one of the most important refractory ceramics due to its excellent properties 

such as low density, high modulus of rupture, good chemical stability, low coefficient 

of thermal expansion, as well as promising electrical and dielectric properties [3–5]. 

Stoichiometric mullite has been synthesized by solid-state reaction of synthetic or 

natural raw materials such as kaolin, alumina, silica, fly ash, and rice husk ash through 

cationic (Al+3 and Si+4) diffusion at temperatures above 1300 °C [4,6–12]. Recently, 

Foo et al. [13] reported the solid-state synthesis of mullite-based ceramics from coal fly 

ash and aluminum dross industrial wastes. Another promising raw material to obtain 

mullite-based composites by reactive sintering is the kaolin waste derived from kaolin 

processing [14–17]. The use of inorganic wastes is a low-cost and sustainable way to 

produce a variety of ceramic materials for engineering applications [7,12,18–20].  

Mullite and mullite-based composites with low dielectric constant and low 

losses at high frequencies are suitable for engineering applications such as high-

frequency circuit packaging, electronic substrate and ceramic capacitors [5,21]. It is 

well known that chemical and phase composition, as well as the porosity, strongly affect 

electrical-dielectric properties of mullite-based materials [5,18,19]. Despite these 

properties have already been investigated by impedance spectroscopy (IS) [18,19,22], 

no report was found on the use of IS to study the microstructure-related properties of 

mullite-glass composites derived from kaolin waste-based compositions. Herein, a 

comprehensive study of the relationships between phase content, porosity, physico-

mechanical, and electrical/dielectric properties of mullite-glass composites is presented 
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for the first time. Emphasis is dedicated to the use of the impedance spectroscopy 

technique to determine electrical conductivity and dielectric-related parameters. 

Mullite-glass composites were obtained by solid-state reactive sintering of mixtures 

containing kaolinite clay and up to 100 wt.% kaolin waste.  

 

2. Materials and Methods 

Starting materials comprising a kaolinite clay and a mica-rich kaolin waste were 

ball milled in aqueous medium for 5 h using a weight ratio of powder to alumina balls 

of 1:4. The resulting formulations (waste-free kaolinite clay and up to 100 wt.% kaolin 

waste addition) were dried at 110 °C for 48 h and sieved (150-mesh). Rectangular 

ceramic bodies (using 7 wt.% of water as binding agent) (61×21×7.6 mm) and, when 

convenient, cylindrical samples (∅ 10 mm × 1.5 mm) were shaped by uniaxial pressing 

at 40 MPa and subsequently fired at 1400 °C for 3 h in air using a heating rate of 3 

°C/min.  

Particle size distribution and chemical composition of starting powders were 

obtained by laser diffraction (CILAS 1090, liquid mode) and energy-dispersive X-ray 

(EDX - Shimadzu, EDX-700), respectively. Mineralogical characterization of raw 

materials and sintered samples was performed by X-ray di�ractometry (XRD - 

Shimadzu, XRD 7000, using Cu-Kα, 30 mA and 40 kV). The structural parameters of 

fired samples were assessed by XRD patterns refinement using the RITA/RISTA 

routine from the Materials Analysis Using Diffraction (MAUD) software [23,24]. 

Microstructural characterization of sintered samples (without any posterior surface 

treatment) was carried out using a field-emission scanning electron microscopy 

(FESEM, Carl Zeiss, Supra 35-VP Model).  

The apparent density and porosity of sintered samples were determined by the 

Archimedes’ principle in distilled water following the relations described in the Eqs. (1) 

and (2). Total and closed porosity were determined using the relation between open 

porosity, apparent density and theoretical density. The latter was calculated by the rule 

of mixtures (using the phase content retrieved by Rietveld analysis of the XRD data) 

considering theoretical values (from respective ICSD cards) of 3.14, 2.18, 2.36, and 

2.65 g/cm³ for orthorhombic mullite, cristobalite, glass phase, and quartz, respectively. 

The following Eqs. (3) and (4) were used: 
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Apparent porosity (%) = ��� � ��
�� � ��

	  x 100                                                                     (1) 

Apparent density (g/cm3) = � ��
�� � ��

	  
 ��                                                                    (2) 

Total porosity (%) = 
����������� ������� � �������� �������

����������� ������� x100                                         (3) 

Closed porosity (%) = total porosity − open porosity                                                 (4) 

Where W1 is the dry weight of the samples, W2 is the weight of water saturated samples 

and W3 is the weight of immersed sample. The density of water is ρ1 = 1 g/cm³. 

 The mechanical properties of sintered samples were investigated by using the 

three-point bending test. The test was performed following ASTM C674. The relation 

between the modulus of rupture and the applied force (F) is defined in the Eq. (5). 

Modulus of rupture (MPa) = � *+,
-.�²	                                                                                (5) 

Where, L is the length of the support span (mm); b and d are width (mm) and thickness 

(mm) of the sample, respectively.  

Impedance spectroscopy was used to assess the electrical and dielectric 

properties of mullite-based composites. Measurements were performed from room 

temperature to 700 ºC under open circuit conditions using a Hewlett Packard 4284A 

LCR meter in a two-probe configuration (frequency range from 20 Hz to 1 MHz with a 

voltage amplitude of 0.5 V). Au electrodes were painted on the parallel faces of the 

samples and thermally treated at 800 °C for 15 min. Electrical conductivity (σ), 

capacitance (C), dielectric constant (εr), and dielectric loss (tanδ) were determined using 

the following equations (6), (7), (8), and (9): 

σ = �
2 3                                                                                                                             (6) 

4 = � �
(- 6 7 8�)                                                                                                                     (7) 

ε� = ; �
<= 2                                                                                                                   (8) 

tanδ = <
<?

, ε = �
(- 6 7) 2 <=

 8A

8A�B 8AA�                                                                                    (9) 

Where d and A are the thickness and cross-section area of the ceramic pellet, 

respectively. R is the total ohmic resistance of the pellet obtained from the impedance 

spectra by assuming the intercept of the real axis (Z) at low frequency; f is the 
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frequency in Hz; C is the capacitance in pF; εr and ε0 (8.854 × 10-12 F/m) are the 

dielectric constant and dielectric permittivity in vacuum, respectively. Z′ and ZEEare the 

real and imaginary parts of impedance, respectively. The frequency-dependent 

capacitance was estimated using the equation for the impedance of a capacitor (Eq. 7), 

considering Zc = Z′′. The activation energy for the conduction process (Ea) can be 

directly calculated from the conductivity values (σ) using the following Arrhenius-type 

equation (Eq. (10)): 

σ T = σG exp (− HI
3 J)                                                                                                    (10) 

where σG is a pre-exponential factor, T is the measured temperature (in Kelvin) and R is 

the gas constant.  

 

3. Results and Discussion 

3.1 Microstructural analysis 

The diffraction patterns of the starting materials are shown in Fig. 1. Kaolinite 

clay and kaolin waste have similar phases. The peaks regarding crystalline phases were 

indexed as kaolinite (Al2Si2O5(OH)4), mica muscovite (KAl2Si3AlO10(OH)2) and quartz 

(SiO2). Kaolinite is a layered aluminosilicate (1:1) which exhibits a wide range of 

sintering temperature and mica can act as a fluxing agent at high sintering temperatures. 

Mineral quartz can increase the mechanical strength during the formation of a liquid 

phase, functioning as a “skeleton” [25]. According to the rational analysis methodology 

[26], the phase quantitative content of the starting materials is 67.4, 27.3 and 5.3 wt.% 

(for the kaolinite clay) and 23.9, 48.7 and 27.4 wt.% (for the waste) of kaolinite, quartz 

and mica, respectively. The chemical composition of the starting materials is presented 

in Table 1. The high content of SiO2 and Al2O3 of kaolinite clay and kaolin waste 

highlights the starting materials as potential candidates to be used in the processing of 

mullite-based ceramics. The small increment of K2O in the waste in comparison to 

kaolinite clay (3.3 vs. 0.9 wt.%) may explain the relative higher content of mica in the 

waste material [25]. 

 

Fig. 1. XRD patterns of the starting materials: (a) kaolinite clay and (b) kaolin waste. 

Table 1. Chemical composition of the starting materials. 
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The particle size distribution analysis of the formulations is depicted in Fig. 2. 

All ceramic formulations exhibit quadrimodal distribution with mean size within 25 – 

38 µm. The small deviation on the mean particle size of waste-free clay from the others 

is explained by the heterogeneity of the waste powder. A wider distribution of powders 

is usually related to the increase of the packing density of particles. In this sense, 

smaller particles fit into the gaps of larger particles during the pressing process. This 

packing improvement is often responsible for increasing densification of sintered 

ceramics [27]. The concentration of clay minerals (particles < 2 µm) decreased with the 

addition of kaolin waste. The sand fraction (particles > 20 µm) increased with 

increasing kaolin waste content. The maximum and minimum values were 69% (100 

wt.% kaolin waste) and 42% (waste-free). These results suggest that a further increase 

in the kaolin waste content leads to formulations with particle sizes comprised in the 

sand range. 

Fig. 2. Particle size distribution of the waste-free clay and samples with up to 100 wt.% 

kaolin waste content. 

 

XRD patterns of the sintered samples and Rietveld refinement fitting are shown 

in Fig. 3. Patterns indicate that the obtained ceramics are comprised of crystalline and 

amorphous phases. XRD patterns of waste-free kaolinite clay and up 30 wt.% waste 

processed samples (Fig. 3a) were indexed as mullite, β-cristobalite, residual quartz, and 

a glassy phase indexed as α-cristobalite. The crystallization of β-cristobalite into a α-

cristobalite matrix was previously reported in similar materials under identical 

processing conditions [28]. In addition, attempts in the refinement analysis performed in 

this work revealed the preferable data fit. Composites with cristobalite phase were 

obtained from kaolinite clay with high silica content (over 28 wt.% SiO2, the natural 

stoichiometric composition) evidenced by the broad peak (2K ≈ 22º) in the patterns. The 

presence of crystalline cristobalite (2K ≈ 22º) was not observed (Fig. 3b) for the XRD 

patterns of the sintered samples with the highest waste contents (40 to 100 wt.%). 

Overall, the retained glassy phase indicates that the mullitization process was not fully 

reached [29]. The SiO2-rich phase in the sintered samples is formed after the formation 

of a liquid phase during the sintering process which is confirmed later in FESEM 

images [9,30,31].  
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Fig. 3. Refined XRD patterns of the sintered ceramics: (a) waste-free and up to 30 wt.% 

waste, (b) 40 to 100 wt.% waste. 

 

The mullite phase lattice parameters and phase composition as a function of 

added waste content are shown in Fig. 4. Lattice parameters in Fig. 4a remain virtually 

unchanged with waste additions, in good agreement with the literature [32]. The phase 

composition as a function of waste content (Fig. 4b) indicates that the waste-free sample 

is mainly composed of mullite (53.6 wt.%), crystalline cristobalite (assigned as M-

cristobalite, 28.3 wt.%) and glassy phase (13.8 wt.%). By adding 30 wt.% kaolin waste, 

crystalline cristobalite decreases to 2 wt.% accompanied by the increase of the glassy 

phase to 47.9 wt.%, giving rise a mullite-glass composite. As predicted by the SiO2-

Al 2O3-K2O phase diagram, K2O contributes to the formation of a peritectic liquid at 

temperatures higher than 1140 °C [33]. Therefore, the increase in the amount of glassy 

phase with increasing the kaolin waste content, depicted in Fig. 4b, would be expected 

in the current work. The large amount of the glassy phase formed in the kaolin waste 

processed ceramics, reaching up to 70 wt.%, promotes the dissolution of crystalline 

silica and, therefore, the content of quartz and cristobalite decreases. On the other hand, 

mullite content decreases with increasing the kaolin waste content due to excess SiO2. 

The presence of residual quartz (< 4.8 wt.%) can be explained by the high silica content 

of the raw materials and due to its slow dissolution kinetics [31]. The refinement 

agreement factors were in the ranges: Rwp = 7.10 – 14.10%, Rexp = 7.51 – 9.64% and χ2 = 

0.92–1.64, and indicate the good quality of the fits. 

Fig. 4. (a) Lattice parameters of the mullite phase and (b) phase content (wt.%) as a 

function of the kaolin waste content, evaluated by Rietveld refinement. 

Typical FESEM images of mullite-based composites made with 50 wt.% kaolin 

waste are shown in Fig. 5. The final sintered body consists mostly of needle-like mullite 

crystals uniformly embedded into a glassy phase. Energy dispersive spectroscopy (EDS, 

Fig. 5b) analysis indicates a mullite-glass composite with a potassium aluminosilicate 

composition, in good accordance with previous works [2,34]. In alumina-silica systems, 

the formation of mullite phase is generally a consequence of a driving-force promoting 

dissolution of primary mullite with further precipitation of secondary mullite [35]. In 

the present work, the presence of alkali oxides impurities (see Table 1) probably 
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promotes a fluid and corrosive liquid phase responsible for the dissolution of mullite, 

decreasing the apparent overall mullite content in the resulting sintered sample (Fig. 4b) 

[29]. 

Fig. 5. (a) FESEM images and (b) EDS spectrum of a typical mullite-glass composite 

made with 50 wt.% waste. 
 

3.2 Physico-mechanical properties 

Porosity (open and closed) and apparent density of sintered samples as a 

function of the kaolin waste content are shown in Fig. 6. The open porosity decreased 

with increasing kaolin waste content, which is ascribed due to the viscous flux 

mechanism resulting from the glassy phase formation that fills up open pores by 

capillarity [25,36,37]. The apparent density initially increases for samples with 30 wt.% 

waste content due to the liquid phase-assisted sintering mechanism. Further reduction of 

apparent density with increasing kaolin waste content can be explained by the lower 

density of the glassy phase in comparison to mullite. The negative effect of the closed 

porosity (sensitive to the glassy phase content) on density will be detailed in the next 

paragraph. 

 Closed porosity increases with increasing waste content (Fig. 6a). This fact can 

be explained by the air expansion in the closed pores as a consequence of the lower 

viscosity of the glassy phase [25]. An additional drop in the density may also be 

associated with the increasing of closed pores up to 22.6% for samples with 100 wt.% 

waste. Clearly, the total porosity increases concomitantly with the closed porosity in 

waste-processed samples. By adding 50 wt.% waste the total porosity is most likely 

dominated by the presence of the closed pores (Fig. 6b). Regardless the kaolin waste 

content, waste addition promotes an increase of the modulus of rupture in comparison to 

waste-free samples (see Fig. 6c), which is likely associated with the liquid phase 

assisted-sintering mechanism activated by the increased amount of mica muscovite in 

waste-processed materials. This mechanism favors a large reduction in apparent 

porosity and a consequent increase of the mechanical strength.  

Fig. 6. (a) Porosity (open, closed and total) and apparent density, (b) FESEM image 

highlighting closed pores in a mullite-glass composite with 50 wt.% waste and (c) 

modulus of rupture as a function of the kaolin waste content. 
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3.3 Electrical and dielectric properties 

Impedance spectra of mullite-glass composites obtained in air in the temperature 

range 400 - 600 °C are shown in Fig. 7. Spectra were corrected using geometric factors 

(cross-section area of the pellet divided by its thickness). All Nyquist plots show single-

arcs slightly depressed without any significant effect of the small tail at lower 

frequencies, attributed generally to the electrode. Similar impedance spectra have been 

previously observed for mullite- and cordierite-based composites consisting of 

crystalline grains embedded into a highly conductive glassy phase [18,19]. In standard 

impedance spectra of fast oxide-ion conductors, the presence and magnitude of 

depressed arcs are usually correlated to the contributions of microstructural features 

(grain and grain boundary). However, correlations between the single semi-arc and the 

complex microstructure of mullite-glass composites seem to be considerably not 

obvious. In fact, the separation of contributions in the impedance of biphasic oxide 

systems is not totally understood, especially when impedance response is composed by 

simultaneous semi-arcs [38]. Accordingly, in the present work is observed that electrical 

resistivity decreases with the incorporation of kaolin waste, which is mostly due to the 

effect of the higher fraction of glassy phase, considered less resistive than mullite [19]. 

In addition, the presence of alkali oxides into the sintered bodies might promotes 

distinct conducting mechanism usually efficient to enhance electrical properties [39], 

but additional proper experiments should be performed to surpass the level of 

speculation of this additional influence in the resistivity of samples. The resistivity tends 

to decrease with increasing measuring temperature, as expected for thermally activated 

processes. The absence of a second impedance arc reflecting the contribution of grain 

boundaries is consistent with the microstructure (mullite grains embedded into a glassy 

phase) of the herein studied composites. 

Fig. 7. Impedance spectra of mullite-glass composites measured at (a) 400, (b) 500 and 

(c) 600 °C in air. The numbers indicate the decades of the frequency. 

Arrhenius plots of the total electrical conductivity, obtained from the low-

frequency intercepts of the impedance spectra with the real axis, are given in Fig. 8. The 

calculated activation energies (0.89-0.99 eV) are slightly lower than the typical value of 

mullite-based materials (Ea = 1.2 eV) [19]. The activation energy is a fingerprint of the 

conducting mechanisms of ceramic samples. The small shift with respect to standard 

mullite-based ceramics might be attributed to the presence of secondary elements after 
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the sintering process (e. g. glass, alkali oxides etc.). These elements can impose a 

relevant feature in the case of mullite-glass composites creating parallels branches, 

which can modify the usual conducting pathways of species in the presented mullite 

sintered bodies. Overall, the glassy phase is usually responsible for the conductivity 

enhancement in glass-containing ceramic systems [19]. Besides, the presence of the 

glassy liquid phase can mitigate the influence of porosity on the electrical properties by 

suppression of pores during the sintering process [5,18,19]. Gathering all aspects, it 

might be reasonable interpret the influence of glassy phase content and porosity on the 

total conductivity of the presented materials. However, a more detailed inspection with 

respect of physical properties might indicate the predictable relationships addressed to 

the further kaolinite clay applications.  

 

Fig. 8. Arrhenius plots of the total conductivity of mullite-glass composites. 

 

Typical capacitance values of 14 pF at 25 Hz and 2.5 pF at 1 MHz were used to 

calculate the room temperature dielectric constant and dielectric loss as a function of the 

frequency. The dielectric constant decreased with an increase in frequency and attained 

6-7.5 at 1 MHz, regardless of the kaolin waste content (Fig. 9a). At low frequencies, the 

e�ect on the dielectric constant can be attributed to di�erent types of polarization 

(electronic, ionic, atomic, and interfacial) and, at the highest frequencies, this e�ect is 

due to the contribution of electronic polarization [5,40,41]. The dielectric loss also 

decreased with increasing frequency (Fig. 9b). Dielectric loss values between 0.0004 

and 0.001 were found at 1 MHz. These values are considered to be good for electronics-

related applications (tanδ < 0.04) [42]. A further investigation of the sintering 

temperature effect on the microstructure, physico-mechanical, electrical, and dielectric 

properties of mullite-glass composites is the topic of forthcoming work. 

 

Fig. 9. (a) Dielectric constant and (b) dielectric loss as a function of the frequency. 

 

4. Conclusions  

This work reported the influence of the microstructure on the physical-

mechanical, electrical and dielectric properties of mullite-based composites developed 
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by solid-state reactive sintering of kaolinite clay and mica-rich kaolin waste mixtures. 

Rietveld analysis confirmed that mullite and glass are the major phases comprising the 

composites. Lower activation energy for the conduction process (0.89 - 0.99 eV) in 

comparison to that of typical mullite-based materials, electrical conductivity (1.02×10-7 

S/cm – 4.49×10-7 S/cm at 400 °C), dielectric constant (6 – 7.5 at 1 MHz and 30 °C) and 

dielectric loss (0.0004 - 0.001 at 1 MHz and 30 °C) values give evidences that the 

herein synthesized mullite-glass composites with up to 53.6 wt.% mullite (uniformly 

dispersed into a glass matrix) are promising low-cost materials for electronics-related 

applications. 
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Table caption 

Table 1. Chemical composition of the starting materials. 

 

Figure caption 

Fig. 1. XRD patterns of the starting materials: (a) kaolinite clay and (b) kaolin waste. 

Fig. 2. Particle size distribution of the waste-free clay and samples with up to 100 wt.% 

kaolin waste content. 

Fig. 3. Refined XRD patterns of the sintered ceramics: (a) waste-free and up to 30 wt.% 

waste, (b) 40 to 100 wt.% waste. 

Fig. 4. (a) Lattice parameters of the mullite phase and (b) phase content (wt.%) as a 

function of the kaolin waste content, evaluated by Rietveld refinement. 

Fig. 5. (a) FESEM images and (b) EDS spectrum of a typical mullite-glass composite 

made with 50 wt.% waste. 
Fig. 6. (a) Porosity (open, closed and total) and apparent density, (b) FESEM image 

highlighting closed pores in a mullite-glass composite with 50 wt.% waste and (c) 

modulus of rupture as a function of the kaolin waste content. 

Fig. 7. Impedance spectra of mullite-glass composites measured at (a) 400, (b) 500 and 

(c) 600 °C in air. The numbers indicate the decades of the frequency. 

Fig. 8. Arrhenius plots of the total conductivity of mullite-glass composites. 

Fig. 9. (a) Dielectric constant and (b) dielectric loss as a function of the frequency. 
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Table 1. Chemical composition of the starting materials. 

Oxides Kaolinite clay (wt.%) Kaolin waste (wt.%) 

SiO2 65.36 73.27 

Al2O3 32.48 20.92 

K2O 0.90 3.31 

Fe2O3 0.90 0.87 

Others 0.36 1.63 
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Fig. 1. XRD patterns of the starting materials: (a) kaolinite clay and (b) kaolin waste. 

 

Fig. 2. Particle size distribution of the waste-free clay and samples with up to 100 wt.% 

kaolin waste content. 
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Fig. 3. Refined XRD patterns of the sintered ceramics: (a) waste-free and up to 30 wt.% 

waste, (b) 40 to 100 wt.% waste. 
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Fig. 4. (a) Lattice parameters of the mullite phase and (b) phase content (wt.%) as a 

function of the kaolin waste content, evaluated by Rietveld refinement. 
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Fig. 5. (a) FESEM images and (b) EDS spectrum of a typical mullite-glass composite 

made with 50 wt.%. 
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Fig. 6. (a) Porosity (open, closed and total) and apparent density, (b) FESEM image 

highlighting closed pores in a mullite-glass composite with 50 wt.% waste and (c) 

modulus of rupture as a function of the kaolin waste content. 
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Fig. 7. Impedance spectra of mullite-glass composites measured at (a) 400, (b) 500 and 

(c) 600 °C in air. The numbers indicate the decades of the frequency. 
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Fig. 8. Arrhenius plots of the total conductivity of mullite-glass composites. 
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Fig. 9. (a) Dielectric constant and (b) dielectric loss as a function of the frequency. 

 


