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Abstract: Low-cost synthesis of cordierite ceramic materials has been widely concerned. In this study, clay, fly ash, talc 
and bauxite were used as the main raw materials to prepare low-expansion cordierite ceramics. The effects of composition of 
the raw materials and sintering condition on structural characteristics of the ceramics, such as phase content, 
micromorphology, thermal expansion coefficient, porosity and so on, were systematically studied. It is found that the content 
of talc had a significant effect on phase composition of the cordierite ceramics. When the content of talc was 33.14 wt.%, 
single phase cordierite ceramics can be obtained. Excessive talc would lead to the formation of spinel olivine phase. The 
increase in sintering temperature and time is helpful for the phase formation of cordierite. After sintering at 1300 ℃ for 3.5 h, 
the cordierite ceramics had a minimum thermal expansion coefficient of 2.21×10−6 ℃−1 and a strength of 36.17 MPa. 
Key words: low-cost; cordierite; thermal expansion coefficient 

1  Introduction 

Cordierite (2MgO·2Al2O3·5SiO2) is magnesium 
aluminum silicate, as a product of thermal 
metamorphism of clays in nature. It belongs to 
orthorhombic crystalline system, with pseudohexagonal 
structure, density of 2.53 g·cm−3 and melting point of 
1470 ℃ [1–2]. Cordierite based ceramics have unique 
properties, such as low coefficient of thermal expansion, 
low dielectric constant, high thermal shock resistance, 
high chemical stability and strong mechanical 
strength [3]. Therefore, they have been widely used in 
the fields of refractory, electrical insulators, porous 
ceramic membranes, integrated circuit boards and so 
on [4]. However, because cordierite is a less abundant 
mineral in nature and its purity is not sufficiently high, it 
cannot meet the requirement of industrial applications. 
Therefore, it is necessary to synthesize cordierite and 
cordierite based ceramic materials, by using different 
starting materials and processing techniques.  

Due to the cost-effectiveness, solid-state 
reaction methods with naturally abundant raw 
materials are still the most attractive in synthesis of 
cordierite based ceramic materials. Ren et al. 
prepared cordierite with Suzhou clay, talc and 

industrial alumina as the main raw materials by 
using solid-state sintering reaction method at about 
1350 ℃. The optimal composition of the raw 
materials was 39.04% talc, 46.08% Suzhou clay and 
14.88% industrial alumina [5]. Redaoui et al. explored 
the possibility to synthesize low-cost cordierite 
ceramic materials with Algerian kaolinite combined 
with magnesium oxide, where crystallization kinetics 
mechanism was studied. As a result, high-density 
cordierite ceramics were obtained at 1250 ℃ [6]. 
Harati et al. developed cordierite ceramic materials 
with desirable chemical properties and thermal 
stability, with low-cost natural Moroccan kaolin and 
peridotite as the main raw materials [7].  

Due to the nonrenewable nature of mineral 
resources and the increasing demand for ceramic 
products, the synthesis of cordierite from solid 
wastes has drawn significant attention. As an 
attractive solid waste, fly ash is mostly amorphous 
in most cases [8]. Because the main components of 
fly ash are Al2O3 and SiO2, which can be used as 
promising sources for the preparation of cordierite 
and other ceramic materials [9], it has been fully 
studied in the field of cordierite based ceramic 
materials [10]. Ma et al. examined the effect of 
composition of raw materials on microstructure of 
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the products from high alumina fly ash, industrial 
sintered MgO and SiO2 powders [11]. It was found 
that the sample synthesized at 1280 ℃ had large 
content of α-cordierite and β-cordierite, with 
MgO-rich compositions to be optimal. Kumar et al. 
produced phase pure cordierite and cordierite 
ceramics doped with ZrO2, CeO2 and TiO2, from fly 
ash waste, while studying mechanical properties of 
the cordierite ceramics, such as hardness, fracture 
toughness and flexural strength [12]. The 
cordierite-ZrO2 (5–20 wt.%) sample exhibited the 
highest hardness and flexural strength, with a 
Vickers hardness of 7.04 GPa, a fracture toughness 
of 3.47 MPa·m1/2 and a flexural strength of 
196.72 MPa. Cordierite synthesized in this way 
can be used as catalyst substrate material with 
suitable mechanical properties.  

In this work, we report the synthesis of 
cordierite by using clay and fly ash as the main raw 
materials, together with talc and bauxite, in order to 
reduce the cost of cordierite based ceramic 
materials. The effects of sintering condition and 
content of talc on phase composition and properties 
of the cordierite ceramic samples were studied, in 
order to explore reasonable process parameters to 
prepare cordierite ceramic materials with desired 
thermal properties and hence promote the 
production and application of low-cost cordierite 
ceramics.  

2  Experimental 

2.1  Sample preparation 
Cordierite based ceramics were prepared by 

solid-state reaction method, with clay and fly ash as  

the main raw materials, together with talc and bauxite 
as additives. Chemical compositions of all the raw 
materials were characterized by using XRF, as listed 
in Tab. 1. Based on the chemical composition analysis 
results, the clay and fly ash could be used to the 
maximized degree, with talc as the source of MgO, 
sample M1 was designed according to the 
stoichiometric composition of cordierite. Noting the 
effect of MgO reported in the open literature [13–14], M 
series samples were designed as listed in Tab. 2, in 
order to study the effect of MgO.  

Raw materials were mixed thoroughly according 
to the compositions in Tab. 2. The mixtures were 
pressed into cuboid samples with mass of 4 g and 
dimension of 40 mm×10 mm×5 mm. After drying in 
an oven at 100–105 ℃ for 2 h, the cuboid samples 
were sintered at 1200 ℃, 1250 ℃, 1275 ℃, 
1300 ℃ and 1325 ℃ for 0.5 h, at a heating rate of 
10 ℃·min−1.  
2.2  Characterization 

Coefficient of the samples was measured by 
using a dilatometer (PCY-Ⅲ-1400) up to 600 ℃, at 
a heating rate of 5 ℃·min−1. A computerized 
electronic universal testing machine (WDW-20) 
was used to measure flexural strength of the 
samples, at a loading rate of 0.1 mm·s−1. Density 
and porosity of the samples were examined 
according to the Archimedes principle, with 
distilled water as the soaking medium. Phase 
composition was characterized by using Bruker 
D/MAX 2500 type X-ray diffractometer, over 
5°–70°, at a step of 0.02°. Microstructure of the 
ceramic samples was observed by using Hitachi 
SU-8010 type scanning electron microscopy. 

 
Tab. 1 Chemical compositions of the raw materials (wt.%) 

Ingredients SiO2 Al2O3 CaO MgO K2O Na2O TiO2 Fe2O3 I.L. 

Clay 65.50 16.84 0.35 1.23 2.37 0.54 0.90 5.34 6.64 

Fly ash 43.06 21.57 1.72 0.85 1.29 0.42 0.84 3.44 26.28

Bauxite 23.76 70.69 — 0.34 — 0.20 2.79 0.96 1.26 

Talc 60.95 1.07 0.32 30.81 0.01 0.01 0.05 1.27 5.49 
 

Tab. 2 Raw material compositions of the samples (wt.%) 

No. 
Raw material composition  

MgO Impurity 
Clay Fly ash Bauxite Talc Total 

M1 14.74 21.06 31.06 33.14 100.00 11.26 5.30 

M2 11.44 16.34 33.12 39.10 100.00 13.11 4.68 

M3 8.13 11.61 35.20 45.06 100.00 15.00 4.09 

M4 4.84 6.92 37.26 50.98 100.00 16.66 3.51 

M5 1.57 2.24 39.31 56.88 100.00 18.35 2.95 
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3  Results and Discussion 

3.1  Effect of raw materials composition on 
phase formation 

Fig. 1 shows XRD patterns of M1, M3 and M5, 
which were sintered at 1200 ℃ for 0.5 h. The 
presence of talc has a strong effect on phase 
composition of the samples. For M1 with 
stoichiometric composition of cordierite, cordierite 
and indialite are present as the major crystalline 
phases. For M3 and M5, ringwoodite [(Mg, Fe)2 
SiO4], periclase (MgO) and quartz (SiO2) are 
additionally observed, as minor phases. This 
is because Fe2+ was involved in the crystallization 
process, replacing Mg2+ in the cordierite crystalline 
structure to form spinel olivine. The diffraction 
peaks of cordierite in M3 were strengthened as 
compared with those in M1. This is probably because 
the content of clay and fly ash containing low melting 
point components (K2O, Na2O) was decreased, due 
to the addition of talc, leading to reduction in the 
content of low melting point glass phase [15]. As a 
result, since the erosion of the cordierite became 
less serious, the weakening in the diffraction peaks of 
cordierite in M5 is attributed to the stoichiometric 
deviation.  

 

 
 

Fig. 1 XRD patterns of representative  
samples sintered at 1200 ℃ for 0.5 h 

 
 

Fig. 2 shows XRD patterns of M1, M3 and M5 
sintered at 1275 ℃ for 0.5 h. As the sintering 
temperature was increased, the secondary phase 
periclase and quartz disappeared, while the spinel 
peridotite was transferred to magnesium peridotite. 
The peak intensity of cordierite was gradually 
decreased with increasing content of talc, with that 
in sample M1 to be the strongest. With excessive 
MgO, the effect of K2O and Na2O was 
suppressed by that of MgO. Due to the formation 

of forsterite, the content of crystalline cordierite 
was decreased [16–17].  

 

 
 

Fig. 2 XRD patterns of representative  
samples sintered at 1275 ℃ for 0.5 h 

 
3.2  Effect of sintering temperature on 
microstructure and properties 

XRD patterns of M1 sintered at different 
temperatures for 0.5 h are depicted in Fig. 3 (a), 
while SEM image of this sample sintered at 1300 ℃ 
for 0.5 h is shown in Fig. 3 (b). After sintering at 
different temperatures, the major phases in M1 are 
cordierite and indialite. With increasing sintering 
temperature, the peak intensity of cordierite is 
gradually increased, suggesting that high sintering 
temperature is beneficial to the crystallization of 
cordierite. In addition, cordierite peaks are observed 
in the sample after sintering at 1200 ℃, which is 
lower than the cordierite phase formation 
temperature reported previously [18]. The reduction 
in cordierite phase formation temperature is readily 
ascribed to the presence of alkali and alkaline earth 
metal oxides, such as CaO, Na2O, K2O and so on, 
which offered liquid phase to promote the 
crystallization of cordierite in the samples [19]. The 
cordierite phase is present as granular or 
needle-shaped irregular crystals, which are 
separated by glass phase, implying that sintering 
time is not sufficiently long to ensure the growth of 
cordierite [20].  

Cordierite has coefficient of thermal expansion 
(CTE) in the range of 1.0×10−6–5.0×10−6 ℃−1, 
depending on phase composition and content in the 
ceramics [21–22]. Fig. 4 shows CTE values of the 
samples as a function of sintering temperature. No 
CTE data are available for the samples molten in 
the sintering process [23]. With increasing sintering 
temperature, CTE values of the samples tended to 
decrease, owing to the crystallization of cordierite 
from the matrix. This observation is in a good 
agreement with the XRD results. 
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Fig. 3 (a) XRD patterns of M1 sintered at different temperatures. (b) SEM image of M1 sintered at 1300 ℃ for 0.5 h 
 

 
 

Fig. 4 Coefficient of thermal expansion of the  
samples as a function of sintering temperature 

 
Density and porosity of the samples sintered at 

different temperatures for 0.5 h are listed in Tab. 3 and 
Tab. 4. With increasing sintering temperature, density 
is gradually increased and the porosity is 
decreased, because the densification process of the 
samples was promoted by the crystallization of 
cordierite [24]. At a given sintering temperature, the 
sample density is increased with increasing content of 
MgO, while porosity is also increased. On one hand, 
excessive MgO hindered the crystallization of 
cordierite (2.53 g·cm−3), while forsterite with higher 
density (3.33 g·cm−3) was formed instead, resulting in 
increase in sample density [25]. On the other hand, with 
increasing content of talc, the level of impurity in the 
samples was decreased, so that the content of liquid 
phase is reduced. As a consequence, the pores could 
not be fully filled, i.e., porosity was increased [26]. 

Flexural strength is an important mechanical 
property of low expansion ceramics, which is dependent 
on phase composition, crystal size, size distribution and 
so on [27]. Flexural strengths of the samples sintered at 
different temperatures are listed in Tab. 5, with 

increasing sintering temperature, the flexural strength is 
gradually increased, which is consistent with the 
variation trend in density, owing to the crystallization of 
cordierite and increment in the content of glass phase. 
At a given sintering temperature, the flexural strength is 
decreased with increasing content of talc, which follows 
the trend in porosity. 

 
Tab. 3 Density of the samples sintered at different 

temperatures (g·cm−3) 

No. 1200 ℃ 1250 ℃ 1275 ℃ 1300 ℃ 1325 ℃

M1 1.97 2.07 2.09 2.18 2.06 

M2 2.10 2.15 2.17 2.21 2.03 

M3 2.12 2.13 2.34 2.23 — 

M4 2.21 2.28 2.35 — — 

M5 2.21 2.26 2.36 — — 
 

Tab. 4 Porosity of the samples sintered at different 
temperatures (%) 

No. 1200 ℃ 1250 ℃ 1275 ℃ 1300 ℃ 1325 ℃

M1 34.50 30.76 27.33 27.93 22.82 

M2 33.18 34.24 29.89 29.16 22.52 

M3 35.08 36.54 30.62 22.08 — 

M4 37.46 36.32 31.25 — — 

M5 39.91 36.88 29.84 — — 

 
Tab. 5 Flexural strength of the samples sintered at  

different temperatures (MPa) 

No. 1200 ℃ 1250 ℃ 1275 ℃ 1300 ℃ 1325 ℃

M1 24.0 21.5 27.0 26.5 25.5 

M2 21.5 21.5 26.5 25.5 31.5 

M3 17.0 23.0 21.5 30.0 — 

M4 13.0 16.5 20.5 — — 

M5 10.0 18.0 23.0 — — 
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3.3  Effect of sintering time on microstructure 
and properties  

Since M1 sintered at 1300 ℃ has the highest 
performance, it was used to study the effect of 
sintering time. XRD patterns of M1 sintered at 
1300 ℃ for 0.5 h and 3.5 h are shown in Fig. 5 (a). 
Cross-sectional SEM image of M1 sintered at 1300 ℃ 
for 3.5 h is illustrated in Fig. 5 (b). With increasing 
sintering time, the peak intensity of cordierite is 
gradually increased, implying the continuous 
crystallization of cordierite. The cordierite crystals are 
hexagonal prismatic in shape, with different grain 
sizes and interlocking behavior. Therefore, prolonging 
sintering time is beneficial to the crystallization and 
growth of cordierite phase. With increasing crystal 
size of cordierite, density of the samples is increased 
and the porosity is decreased.  

Microstructural and mechanical properties of 
M1 samples sintered at 1300 ℃ for different times 
are depicted in Fig. 6. As seen in Fig. 6 (a), with 
increasing sintering time, the porosity increases 
slightly until 2.5 h and then decreases. Meanwhile, 

density of the samples monotonically increased 
with sintering time. CTE value is decreased with 
increasing sintering time, which is consistent with 
the variation trend in XRD peak intensity of 
cordierite, as observed in Fig. 6 (b). Flexural 
strength of ceramics is dependent on their 
microstructure and porosity. In the sintering time of 
0.5-2.5 h, although the porosity increases, the 
flexural strength is rising. After sintering for 2.5 h, 
flexural strength of the sample started to decrease, 
due to the increase in porosity. However, as the 
sintering time was increased to 3.5 h, because the 
porosity is significantly reduced, the flexural 
strength is largely increased. The simultaneous 
increase in porosity and flexural strength could 
ascribed to the fact that the content of the liquid 
phase generated due to the presence of impurities 
and oxides in the raw materials is not sufficiently 
high to completely fill the pores in the samples, but 
the prolongation of the sintering time promoted the 
crystallization and growth of cordierite, resulting in 
overall increase in porosity and flexural strength[28]. 

 

 
 

Fig. 5 (a) XRD patterns of M1 sintered at 1300 ℃ for different times. (b) SEM image of  
M1 sintered at 1300 ℃ for 3.5 h 

 

 
 

Fig. 6 Structural and mechanical properties of M1 samples sintered at 1300 ℃ as a function of sintering time:  
(a) porosity and density and (b) thermal expansion coefficient and flexural strength  
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4  Conclusions 

Cordierite based low thermal expansion 
ceramics could be developed by using solid-state 
reaction method, with fly ash, clay, bauxite and talc 
as main raw materials. The addition of talc has a 
significant effect on microstructure and properties 
of the cordierite ceramics. Excessive content of talc 
promoted the formation of forsterite, leading to 
increase in the coefficient of thermal expansion (CTE) 
of the samples. The cordierite sample with 33.14 wt.% 
talc sintered at 1300 ℃ had CTE value of 
2.82×10−6 ℃−1 and flexural strength of 26.5 MPa.  

Sintering time also had effect on microstructure 
and properties of the cordierite ceramics to a certain 
degree. Appropriate prolonging the sintering time 
is beneficial to promote densification, reduce 
coefficient of thermal expansion of the material and 
improve mechanical properties of the cordierite 
ceramics. The M1 sample sintered at 1300 ℃ for 
3.5 h exhibited CTE value of 2.21×10−6 ℃−1 and 
flexural strength of 36.17 MPa. 
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以黏土和粉煤灰为主要原料制备低热膨胀系数堇青石基陶瓷 

程  灵 1，肖卓豪 1，肖晓东 1，李秀英 1，董洪波 2，孔令兵 1 

(1. 景德镇陶瓷大学，江西 景德镇 333403；2. 临沂大学，山东 临沂 276005) 

摘  要：低成本合成堇青石陶瓷材料一直受到研究者们的广泛关注。以黏土、粉煤灰、滑石和铝矾土为主要原料制备

低膨胀堇青石质陶瓷，研究了四种原料的配比及烧成制度对陶瓷物相、显微形貌、热膨胀系数、孔隙率的影响规律。

结果表明：滑石添加量的改变显著影响堇青石陶瓷的相组成，当滑石添加量为 33.14 wt.%时可以获得纯堇青石相的陶

瓷，过量滑石将导致尖晶橄榄石的生成；烧成温度的升高和保温时间的延长有助于试样中堇青石的合成，在 1300 ℃保

温 3.5 h 的烧成条件下，可得到热膨胀系数值最低为 2.21×10−6 ℃−1、强度为 36.17 MPa 的纯相堇青石质陶瓷材料。 
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