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ABSTRACT: Different raw materials are used in the production of cordierite ceramics. In the production of cordierite 
with optimum properties, the costs of the production should be considered.  Firstly, the amount of energy required for 
the formation of cordierite ceramics should be calculated. For this purpose, in this study, the reaction kinetics of the 
production of cordierite ceramics was investigated. The raw magnesite and magnesite filter powder were used as MgO 
source in cordierite formation. Activation energies and Arrhenius constants were calculated from DSC/TG analysis 
data by Kissinger-Akahira-Sunose (KAS), Flynn–Wall–Ozawa (FWO) and Coats-Redfern methods. The activation 
energy was found to be 112 kJ/mol for CW, 118 kJ/mol for CR according to the KAS method, 136 kJ/mol for CW, and 
142 kJ/mol for CR according to the FWO method. The phase contents of the cordierite materials sintered at various 
temperatures and heating rates were determined quantitatively by the Rietveld analysis. 
 
KEYWORDS: Cordierite, Kinetics, Rietveld, Kissinger Equation. 

I. INTRODUCTION 
 
The cordierite with optimum properties is present in the Mg2Al4Si5O18 formula at a stoichiometric ratio of 2:2:5 and is 
magnesium alumina silicate from the oxides of the MgO-Al2O3-SiO2 ternary phase system [1,2]. It contains 13.8% 
MgO, 34.8% Al2O3 and 51.4% SiO2 according to stoichiometric calculations [3]. Cordierite, a high thermal resistance 
material, is characterized by its high thermal shock resistance and low thermal conductivity due to its low coefficient of 
thermal expansion [4, 5]. Besides, the other outstanding properties of cordierite ceramics are low dielectric constant, 
high refractoriness, excellent mechanical property and good chemical durability [4]. 
According to the orthorhombic and hexagonal polymorphic structures of Mg2Al4Si5O18 compound, there are 3 accepted 
forms, α-cordierite, β-cordierite and μ-cordierite. The high temperature form of dimorphous cordierite is indialite (α-
cordierite) [6] and hexagonal structure. It has a stable structure at temperatures below 1450 °C [7]. The inditalite lattice 
parameters are a=9.800, c=9.345[8] and the space group is P6/mcc [9]. 
Stable β-cordierite forms hydrothermally below 830 °C from glass or from the two other crystalline forms and the 
lattice parameters of this orthorhombic structure are a=17.10, b=9.78 and c=9.33. According to XRD, the interplanar 
spacing of β-cordierite is very similar to α-cordierite [10]. Furthermore, at temperatures below 1400 °C, the low 
cordierite or β-cordierite, the space group Cccm with orthorhombic structure, slowly turns into high cordierite, α-
cordierite. The µ-cordierite is prepared with special compositions such as fine glass powder [7] and is obtained by 
crystallization of this mixture at low temperatures of 800 to 950 °C [11]. 
In order to determine the formation temperatures of cordierite, the kinetic parameters must be determined in order to 
determine the amount of energy required for formation. For this, non-isothermal methods for determining the kinetic 
parameters of thermal decomposition have many advantages [7]. In this study, the activation energy and pre-
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exponantial factor were determined in cordierite formation by Kissinger-Akahira-Sunose (KAS), Flynn–Wall–Ozawa 
(FWO) and Coats-Redfern methods. 

II. MATERIALS AND METHODS 
 
While the cordierite ceramic material is sintering at high temperatures, the amount of energy that must be exceeded for 
activation of the chemical reaction is calculated. For this, the thermogravimetric analysis results and the KAS, FWO 
and Coats-Redfern Methods were used. The activation energy was calculated by KAS and FWO methods and pre-
exponential factor (Arrhenius constant) was calculated by Coats-Redfern method. 
The conversion rate of the mass losses occurring during phase transformation in CR and CW cordierite samples was 
calculated according to Equation 1 [7]. Here, x is the degree of conversion, miis initial sample mass, mfis final sample 
mass, and mtis current sample mass at the moment t during thermogravimetric analysis. 

 
x = 

୫ି୫౪
୫ି	୫

  (1) 

The respective sample starting masses measured for DSC/TG analysis at 10, 20 and 30 °C/min at each heating rate are 
28.5, 28.1 and 28.9 mg in CW cordierite samples, and 24.67, 32.43, 36.77 mg in CR cordierite samples. 
 
Method of Kissinger-Akahira-Sunose (KAS) 
 
The KAS Method (Extended Kissinger Method) is one of the most important approaches used in determining kinetic 
parameters by thermal analysis. This method is based on an experiment in which milligram quantities of the reacting 
material are heat treated at different heating rates while the exothermic peak is recorded [12]. The KAS method is a 
model-free approach. This non-isoconversional method does not calculateEa for each x conversion value and assumes a 
constant Ea[7]. The activation energy and the pre-exponential factor of the thermal decomposition reaction are 
calculated according to Equation 2 (Kissinger equation) [13]. 
 

ln (
ఉ
்మ

)=  ln 	ୟ
ୖ	(୶)

  -  
ா
ୖ	

  (2) 

Here, Ea is the activation energy (kJ/mol), R is the universal gas constant (8.314 J/molK), β is the heating rate (K/min), 
T is the maximum exothermic peak temperature observed in the DSC curve (K) and A is the pre-exponantial factor 
(Arrhenius constant) [7]. In the plot of ln(β/T2) versus 1/T, the slope gives -Ea/R and the average activation energy can 
be determined by calculation in a conversion range from 0 to 1 [13]. A first order reaction order (n = 1) is usually 
assumed[12]. 
 
Method of Flynn–Wall–Ozawa (FWO) 
 
Another method of thermal analysis is the model-free FWO method. In this iso-conversional method, Eais determined 
by the following Equation 3 using the Doyle approach [7]. 
 

݈݃	= (ߚ)	݈݃ ா
ோ	(௫)

− 2,315− 0,457	 ா
ோ்

  (3) 
 
In the plot of log (β) versus 1/T, the slope gives  
-0.457Ea/R and the average activation energy can be determinedby calculation in a conversion range from 0 to 1[13]. 
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Method of Coats-Redfern 
 
The Coats-Redfern method is a model free method derived from the Arrhenius equation. The KAS and FWO methods 
are suitable for calculation of activation energy, but Coats-Redfern method is used to calculate the Arrhenius constant 
(A) and this equation is given below [13]. 
 

ln(− ୪୬(ଵି௫)
்మ

) = ln ቀ ோ
ఉா

ቁ −		ா
ோ்

 (4) 

According to Equation 4, in the plot ofln(-(1-x)/T2) versus 1/T, the slope gives -Ea/R, and breakpoint gives 
ln(AR/βEa)[13].In the Coats-Redfern method, n is the parameter of Avrami, the degree of reaction and it is chosen 
according to Table 1. The Arrhenius constant (A) of the KAS and FWO equations can be calculated by Coats-Redfern 
method. 
 

Table 1.The values of the n parameters for various crystallization mechanisms [14] 
 
Crystallization Mechanism Growth Dimension n 
Volume crystallization in the condition of number of 
fixed cores (in which case the number of cores is 
independent of the heating rate) 
  

3D 3 
2D 2 

1D 1 

Volume crystallization with increasing number of 
nuclei 

3D 3 
2D 2 
1D 1 

Surface Crystallization 1 
 

III. EXPERIMENTAL RESULTS 
 

In this study, raw magnesite, magnesite filter powder, 74 micron quartz and kaolin were used as initial raw materials in 
order to obtain cordierite phase. In our previous paper [15] we have reported the experimental procedure (the preparing 
method of the CW and CR cordierite compositions and sintering process (1250, 1300, 1325 °C)).  
Figure 1 shows the particle size distrubution of the samples. The grain size of d80 of CW and CR cordierite powders are 
16.95 and 12.07m, respectively. 

 

 
 

Fig. 1. Particle size distribution of CW and CR cordierite samples 
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Thermal Characterization with DSC/TG Analysis 
 

The loss in masses and peak temperatures observed during the sintering of CR and CW cordierite samples were 
recorded. Setaram Labsysevo thermal analyzer was used for this purpose. The temperature range was determined as 0-
1200 °C and DSC (Differential Scanning Calorimetry) and TG (Thermogravimetric) analyses were carried out under 
argon inert gas at a flow rate of 50 ml/min. With these analyses, the endothermic and exothermic decompositions and 
formations, peak values and mass losses, occurred during the reaction, were recorded in the cordierite samples. 
In the DSC/TG thermal analysis method two or more basic analysis techniques are applied on a single sample at the 
same time. In this thesis study, the effect of temperature on cordierite powder material was investigated with reference 
to alumina. Crystallization activation energy and mass losses due to heat effect were determined from DSC/TG analysis 
data obtained at different heating rates of 10, 20, 30 °C/min. 
 
Quantitative Analysis 

 
The crystalline phases were identified by using an X-ray diffractometer (Shimadzu XRD-6000 model) with CuKα 
radiation (1.54 Å) and the range of the scanning angle was from 5° to 90°  with a scanning speed of 2o/min.  
Rietveld based quantitative analysis was performed on each of the diffraction patterns using the MAUD (Material 
Analysis Using Diffraction) programme [16,17], which is designed to simultaneously refine the material structure and 
the microstructure through the Marquardt least-squares method[18]. 

IV. RESULTS AND DISCUSSION 
 

The Ea activation energies are determined by using KAS and FWO methods, and A Arrhenius constant is determined 
by using Coats-Redfern method. For this purpose, the degree of conversion values are calculated from Equation 1, the 
temperatures corresponding to the conversion values in each 0-1 range are determined. 
The average activation energies calculated for the conversion values according to the KAS and FWO methods and the 
A Arrhenius constants calculated by the Coats-Redfern method are given in Table 2 according with the R2 standard 
deviation rates. 

Table 2. Ea and A values calculated for CW and CR cordierite samples 

Sample 

KAS FWO 

Ea 
kJ/mol R2 

Coats-
Redfern Ea 

kJ/mol R2 
Coats-

Redfern 
A A 

CW 112.41 0.99 8E-11 118.63 0.99 2E-11 
CR 136.24 0.95 6E-15 142.85 0.95 2E-15 

 
In the CW cordierite sample, according to the DSC/TG analysis (Fig 2 (a)), the first endothermic peaks wass observed 
at 95, 103 and 127 °C, respectively, at heating rates of 10, 20 and 30 °C/min, which can be attributed to the evaporation 
of absorption water [19]. The strongest endothermic peak begins at kaolin dehydration at 538 °C leading to the 
transformation of α-quartz into hexagonal β-quartz [20, 21, 22]. This conversion is completed at 672, 692 and 714 °C. 
The cordierite formation on the CW samples started at 979, 991 and 1002 °C and was completed with α-cordierite 
formation at 1145, 1115 and 1150 °C. 
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 (a) (b) 
 

 Fig. 2. DSC curve of CW (a) and DSC curve of CR (b) cordierite at different heating rate 
 
The strongest endothermic peak at 576, 619 and 604 °C begins kaoline dehydroxylation [20] and  leading to the 
transformation of α-quartz into hexagonal β-quartz according to Fig 2 (b) [21,22]. This conversion is completed at 686, 
728 ve 749 °C. The exothermic peak temperatures of 820, 831 and 835 °C were first observed in CR cordierite 
samples. At the cordierite exothermic peaks, two exothermic peaks of 994-1136 °C and 1000-1152 °C were observed 
with 20 and 30 °C/min, respectively, and these peaks were attributed to crystal phase change [19]. At the 977, 1136 and 
1152 °C exothermic peaks,α-cordierite formation was completed. 
Phases formed in CW and CR cordierite samples sintered at each temperature were identifiedfrom the XRD raw data. 
Subsequently obtained crystallographic information files (CIFs) was entered into MAUD. The lists of the PDF card 
numbers of the phases and crystal structures are given in Table 3. The quantitative ratios of the phases obtained from 
Rietveld phase analysis results are given in Table 4. 
 

Table 3.The characteristicproperties of phases for Rietveld analysis 

Phase Space Group Crystal Structure  PDF Card No (cif no) 

α-cordierite P6/mcc Hexagonal 
 01-082-1884a 
 00-013-0293b 

β-cordierite Cccm Orthorhombic  01-076-6035a 
01-072-0172b 

Cristobalite P41212 Tetragonal  00-039-1425 
Forsiterite Pmnb Orthorhombic 00-034-0189 

Quartz P3221 Hexagonal 00-033-1161 
Enstatite Pbca Orthorhombic 00-019-0768 
Spinel Fd-3m Cubic 00-021-1152 

Proto-enstatite Pbcn Orthorhombic 04-007-8621 
 

Table  4. Rietveld Analysis Results of  CW and CR Cordierite Samples 

Cordierite Code CR CW CR CW CW CW CW 
Sintering 

Temperature, 
(°C) 

1250 1250 1300 1300 1300 1300 1325 

Heating Rate, 
(°C/min) 3 3 3 3 2 1.5 3 

α-cordierite (%) 53.72±1.7a 61.13a 44.45±15.1b 47.37a 54.23b 5.72±0.6a 61.21b 
β-cordierite (%)  -  - 7.33a 1.41±0.1b 11.06±1.3b 70.62±1.6b 12.07±2.0b 
Cristobalite (%) 26.08±9.4 16.19±1.1  -  - 7.30±0.3  -  - 
Forsiterite (%) 16.1±0.8 7.39+-0.5  - 19.81±1.5 17.47±1.1 10.99±0.5  - 
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V. CONCLUSION 
In the production of cordierite ceramics, sintering was carried out at different heating rates (1.5, 2 and 3 °C/min) at 
1250, 1300 and 1325 °C. The raw magnesite and heat treated waste magnesite filter powder were used as two different 
MgO sources. The α-cordierite formation on the CW sample starts at 991 °C and completes at 1115 °C, while the CR 
sample starts at 855 °C and completes at 1152 °C. 
When the CW and CR cordierite samples sintered at 1250 °C are compared, approximately α-cordierite is present at 
53% CR and 61% CW. As the sintering temperature increases, β-cordierite begins to form. CW cordierite contains 47% 
α-cordierite and 1% β-cordierite and CR cordierite contains 44% α-cordierite and 7% β-cordierite at 1300 °C at a 
heating rate of 3 °C/min. At 1325 ° C, the amount of β-cordierite increased to 12%, while the α-cordierite was 61%. A 
total of about 75% of the cordierite phase was observed. The main phase and the desired phase in the cordierite 
ceramics are α-cordierite phase. 
The Ea values were calculated as 112.41 kJ/mol in the CW cordierite sample and 136.42 kJ/mol in the CR according to 
the KAS method. The values were calculated as 118.63 kJ/mol in the KAS method and 142.85 kJ/mol in the FWO 
method for the CR sample. Both methods do not show high differences in the calculated activation energies. The A 
Arrhenius equations for the KAS and FWO equations are calculated by the Coats-Redfern method and are given in 
Table 2. 
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