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INTRODUCTION

The mullite material can be prepared from an alumino-
silicate compound and used in various applications [1]. 
Mullite-ZrO2 composite materials can be used in different 
industries, for example, in glass and steel industries due to 
their suitable physical, thermal, and mechanical properties, 
and, also, the excellent corrosion resistance against slags 
due to the high melting temperature of 2715 °C [2, 3]. These 
composite materials possess high fracture toughness, fracture 
strength, and thermal shock resistance because the zirconia 
particles distributed homogeneously in the mullite matrix 
cause improvement of the properties mentioned [4-8].

There are different sources used for the preparation 
of mullite (Al6Si2O13); one of the methods is the thermal 
decomposition of kaolinite at high temperature into oxides 
and then the transformation of these oxides into mullite 
[9]. Other methods were used to prepare mullite-zirconia 
composite material, such as the sol-gel process, and the 
precursors used in this method were aluminum chloride 
hexahydrate, pure silica, and pure aluminum, and the 
sintering was at 1450 °C for 2 h. The mullite was reinforced 
by zirconia particles with different contents of 5, 10, and 15 
wt% to improve different properties. The microstructure of 
the mullite-zirconia composite material was observed with 
a scanning electron microscope, and the crystalline phases 
were identified by X-ray diffraction [10, 11]. Also, the 
mullite-zirconia composite material was prepared using the 

electrofusion method, and the starting materials were Al2O3 
and ZrSiO4. This process is conducted at high temperature 
due to the high thermodynamic stability of zirconia for 
synthesizing the refractory materials [6, 12]. The chemical 
reactions for the preparation of mullite-zirconia composite 
materials are [10]:

2SiO2+3Al2O3 g Al6Si2O13   			   (A)

2ZrSiO4+3Al2O3 g 2ZrO2+Al6Si2O13		  (B)

4ZrSiO4+12Al+9O2 g 4ZrO2+2Al6Si2O13  	 (C)

The tetragonal zirconia phase was stabilized by using 
different oxides, for example, ceria, magnesia, and yttria, to 
prepare the partially stabilized zirconia. The properties of the 
mullite-zirconia improved due to the phase transformation of 
ZrO2 from tetragonal to monoclinic phase that causes volume 
change in the zirconia particles stopping the crack propagation 
in the mullite matrix [13]. In the current research, the kaolin 
was used as the starting material for the synthesis of mullite 
material due to the economic cost caused by the reduction of the 
sintering temperature. The loss of ignition of the kaolin can limit 
the densification of mullite due to the gas releasing during the 
reaction sintering. The objective of the present work is focused 
on the development of a new process of synthesis of a low-cost 
mullite-zirconia composite of high quality and performance 
using Iraqi kaolin, γ-alumina, and zirconia as starting materials. 
The effect of reaction sintering temperature on the mullite 
properties was studied. Then, the effect of the zirconia content 
of the mullite-based composite was investigated on the physical, 
thermal, and mechanical properties.
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Abstract

The refractory materials used in the wall of the furnaces for glass melting can be prepared from mullite-zirconia composite material. 
The composite of mullite/zirconia was synthesized from Iraqi kaolin, γ-alumina, and zirconia using thermal decomposition with 
reaction sintering at 1600 °C. Several batches were prepared with various ratios of kaolin, γ-alumina, and zirconia, and the composite 
compositions were selected from the Al2O3-SiO2-ZrO2 phase diagram. The mullite-zirconia composite was prepared with different 
steps beginning with milling the starting materials, semi-dry uniaxial pressing, and then reactive sintering at various temperatures 
(1200, 1400, and 1600 °C). The predicted phases ZrO2 and Al6Si2O13 were identified by X-ray diffraction patterns according to the 
phase diagram for all the batches. The lower amount of the zirconia added to mullite reduced porosity and improved the bulk density 
of the mullite/zirconia composite. The thermal expansion coefficient slightly increased with the addition of zirconia. It also enhanced 
the thermal shock resistance of the composite. Finally, the mechanical properties were improved by increasing the amount of zirconia 
particles in a matrix of mullite due to the phase transformation of zirconia from tetragonal to monoclinic phase.
Keywords: Iraqi kaolin, gamma-alumina, zirconia, mullite, composite materials, thermal decomposition process, reaction sintering.
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MATERIALS AND METHODS

Starting materials: kaolin located in the Western part of 
Iraq as a source for both alumina and silica, γ-Al2O3, and 
ZrO2 powders were used for the preparation of zirconia-
mullite composite (Table I). The chemical composition 
of Iraqi kaolin is shown in Table II, and the particle size 
distribution curves of the starting materials are shown in 
Fig. 1. The starting materials and mullite/zirconia composite 
were characterized by X-ray diffraction (XRD) using a 
diffractometer (Shimadzu, 6000) at room temperature using 
CuKα radiation (λ=1.5405 Å), a scanning speed of 6 °/min 
from 10° to 80° of 2θ, and applied power of 40 kV/30 mA. 
XRD patterns of the starting materials (Fig. 2) were in 
agreement with the JCPDS files 29-0063, 29-1490, and 41-
0017 for γ-Al 2O3, Iraqi kaolin, and zirconia, respectively.

Preparation of mullite-zirconia composite samples: the 
average particle size of γ-alumina was high when compared 
to other starting materials (kaolin and zirconia), as shown 
in Fig. 1. The γ-alumina was milled and homogenized by 
planetary milling for 8 h to increase the surface area. The 
milling process was done using corundum balls and distilled 
water as a medium, and then the γ-alumina powder was 
dried in an oven at 110 °C for 8 h [14]. The size distribution 
of alumina particles was analyzed using a laser particle 
size analyzer (Bettersize 2000, Yima), as this device can 
analyze the particle size in the range from 0.02 to 2000 μm 
with an accuracy of 1% (CRM D50). The average particle 
size of milled γ-alumina was 4.54 μm (Table III), and the 
cumulative and differential particle size distribution curves 
of milled γ-alumina is shown in Fig. 3. The Iraqi kaolin and 
γ-alumina for preparation of mullite were dried in an oven 
for 24 h to release the content of moisture and increase the 
efficiency of the starting materials. The relative amounts 
of the kaolin and γ-alumina were 3:2, and on this mixing 
ratio, various contents of zirconia (3, 5, and 10 wt%) were 
added. The starting materials were mixed in a blender for 6 
h after adding PVA for obtaining the optimum homogeneous 

batches. The mixed powder of the starting materials was 
formed in a stainless steel mold by semi-dry pressing using a 
uniaxial pressure device at different loads (70, 111, and 159 
MPa) with a holding time of 2 min. Steel die had a diameter 
and height of 20 and 70 mm, respectively. The formed sample 
with disc shape was removed from the mold and dried in an 
oven at 110 °C for 24 h. Then the composite samples were 
sintered at different temperatures (1200-1600 °C).

Characterization of mullite-ZrO2 samples. Physical 
properties: the shrinkage of mullite and mullite-zirconia 
composite was due to the sintering temperature, which was 
measured according to the American Society for Testing and 

Table I - Starting materials used for the synthesis of mullite-
zirconia composite.

Material Source Purity 
(%)

Particle 
size (mm)

Kaolin Western Iraq 98.0 6.25
Zirconia Shanghai Zhenxin 

Reag. Fact.
99.9 2.81

γ-Al2O3 Shanghai Zhenxin 
Reag. Fact.

99.9 90.21
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SiO2 Al2O3 Fe2O3 MgO Na2O K2O LOI*

51.89 32.41 1.43 0.30 0.29 0.34 13.27

Table II - Chemical composition (mass %) of Iraqi kaolin.

* - loss on ignition.
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Figure 1: Cumulative and differential particle size distribution 
curves of the starting materials: a) γ-Al2O3; b) zirconia; and c) Iraqi 
kaolin.



34

Materials (ASTM). The porosity has a significant impact 
on the final properties of the sintered mullite and mullite-
zirconia composite. Prepared sintered samples showed 
porous bodies, where the porosity was a measure of the 
open and closed pores. The amount of water absorbed by the 
body is a function of the open porosity. The water absorption 
represents the relationship between the mass of water 
absorbed in the pores to the mass of the solid part of the 
body. ASTM standard (C373-88) was used for measuring 
the bulk density, apparent porosity, and water absorption 

of the prepared samples; for each sample, three specimens 
were measured using a digital hydrostatic balance (DSJ-
5). The samples were dried in an oven at 110 ºC for 24 h 
and then allowed for cooling down to room temperature; 
then, the dry weight of the mullite and mullite-zirconia 
samples was measured. Thermal properties: the coefficient 
of thermal expansion represents the relationship between 
the variation of the sample length in a temperature range. 
The mullite-zirconia composite was formed as a rectangular 
sample with a length of 50 mm. The samples were tested 
in a dilatometer using a SiO2 push rod. The samples were 
heated at a constant heating rate between 50 and 800 ºC for 
measuring the thermal expansion coefficient (α) by: 

ΔL
L  = a.DT					     (D)

where L is the original length, ΔL the change of length, and 
ΔT the range of temperature. The mullite-ZrO2 composite 
samples were cooled from high to room temperature in a 
short time, and the failure occurred due to the thermal 
stresses caused by the temperature gradient in the sample. 
Thermal shock resistance was measured by heating the 
sample in an electric furnace at different temperatures 
(200, 400, and 600 °C) with a soaking time of 1 h. Then the 
samples were quenched in water for measuring the thermal 
shock resistance of the sample. Mechanical properties: 
Vickers hardness was measured by applying a load of 4.9 N 
with a holding time of 15 s using a micro-Vickers hardness 
tester (TH-717) according to ASTM 1327 standard. The 
Vickers hardness (HV) value was calculated by:

HV=1.8544.(P/d2
ave)   				    (E)

where P is the applied load (N), and dave is the average of 
the two impression diagonals (d1 and d2, mm). The mullite-
zirconia composite samples were prepared as discs with 
dimensions of f20x20 mm for compressive strength 
according to ASTM C773-88 standard. The compressive 
strength (σ) was calculated with the maximum applied force 
(F) divided by the cross-sectional area of the sample (A) by:

σ=F/A 					     (F)

RESULTS AND DISCUSSION

X-ray diffraction: Fig. 4a shows the X-ray diffraction 
pattern of the mullite prepared at 1600 °C from starting 
materials (γ-alumina and Iraqi kaolin) as a matrix to prepare 
the mullite-zirconia composite material. Fig. 4b shows the 
XRD pattern of the mullite-zirconia composite material. 
The XRD patterns showed good agreement with JCPDS 
files 15-0776 and 41-0017 for mullite and zirconia phases, 
respectively.

Physical properties: the results of firing shrinkage, 
porosity, and bulk density of mullite are shown in Fig. 5. The 
increase in sintering temperature from 1200 to 1600 °C caused 
an increase in the bulk density and a decrease in porosity, and 
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Figure 2: X-ray diffraction patterns of the starting materials for the 
synthesis of mullite-zirconia: a) Iraqi kaolin; b) γ-alumina; and c) 
zirconia.
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Table III - Average particle size of γ-alumina before and 
after milling.

Before milling After milling
90.21 μm 4.54 μm
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the silica-rich glassy phase with high viscosity was suitable to 
precipitate the mullite [15, 16]. The compounds of alumina-
silica at a temperature above 1400 °C led to the formation of 
the mullite compound and change in the density of mullite. 
Fig. 6b shows the porosity of the mullite-zirconia composite 
material because the kaolin material possessed high porosity 
compared with the alumina. The calculated porosity values 
of the mullite were in the range between 15% and 70%. 
The increase of the body shrinkage meant that the pore size 
was reduced in the mullite sample. The apparent porosity of 
mullite was 21%, and the water absorption was 10.4%. 

Fig. 6 shows the physical properties of mullite-zirconia 
composite with different content of zirconia. An increase in 
the value of firing shrinkage, as shown in Fig. 6a when the 
ZrO2 content was 10%, can be interpreted based on the fact 
that at this content, the better grain distribution allowed the 
largest area of contact between the grains (i.e., high surface 
area). The firing shrinking of the mullite-zirconia with 5% 
ZrO2 had a slight reduction in sample dimensions due to the 
increase of the grain size of the compacted sample and the 
decrease of the contact area between the grains. The increase 
in firing shrinkage refers to a more efficient firing process 
due to a homogenous grain distribution and an increase of 
the contact area between the grains. Moreover, the high rate 
of contraction affects other properties such as the thermal 
expansion and thermal shock resistance of the mullite-
zirconia composite sample [17]. The decrease of porosity 
with the increase of the ZrO2 content is shown in Fig. 6b. 
This process increases the efficiency of new composites in 
applications to obtain a material with physical properties 
for porous ceramics membrane application. The apparent 
porosity of the composite material was 10%, the water 
absorption was 3.7%, and the lowest absorption was with the 

addition of 10% ZrO2. Fig. 6c shows an increase in the value 
of bulk density with the addition of 10% ZrO2 in relation to 
pure mullite (4.18 g/cm3). The bulk density of the mullite-
zirconia composite increased with the increase of zirconia 
content to about 5.7 g/cm3; at the same conditions of the 
pure mullite (10% ZrO2 and a compressive load of 50 kN), 
the increase in the bulk density enhanced the densification of 
grains and reduced the porosity.

Mechanical properties: the Vickers hardness of the 
mullite-zirconia composite varied with the zirconia content 
(Fig. 7) due to the variation in porosity. The Vickers hardness 
of mullite was 20.9 GPa due to the homogeneous grain size 
distribution. The hardness achieved the highest value with 
3% zirconia (40.3 GPa) due to zirconia playing a significant 
role in the toughening of the mullite-zirconia composite by 
phase transformation in the partially stabilized zirconia from 
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Figure 4: X-ray diffraction patterns of mullite (a), and mullite-
zirconia (b) sintered at 1600 °C.
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Figure 5: Physical properties of pure mullite as a function of 
sintering temperature: a) firing shrinkage; b) porosity, and c) bulk 
density.
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Figure 7: Microhardness measurements of the mullite-zirconia 
composite with different content of zirconia (a), and a micrograph 
showing a Vickers indentation at an applied load of 4.9 N and 
holding time of 15 s (b).
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tetragonal to monoclinic phase that caused a change in 
volume in the zirconia grain. Densification was improved 

by increasing the sintering temperature, and compaction 
was enhanced by increasing the amount of zirconia. The 
decrease in the hardness value with zirconia additions 
above 3% appears to be due to the increase in porosity, or 
the hardness values were measured in regions containing 
pores. In general, the hardness of mullite-composite 
materials was affected by the crystal size, porosity, and 
microstructure of mullite-zirconia composite [18].

The compressive strength values of the mullite-
zirconia composite are shown in Fig. 8. The results of 
the compressive strength of the composite material 
increased with the increase of the amount of the zirconia 
that enhanced the densification since the kaolin had a 
loss on ignition that caused the gas generation during 
reaction sintering. The densification process of the 
mullite-zirconia occurred in three stages: re-arrangement 
of the grains, sintering of the solid solution, and solution-
precipitation. For the same reason mentioned above, the 
toughening mechanism of the martensitic transformation 
of the zirconia led to the improvement of the compressive 
strength of mullite-zirconia composite [13-16]. 

Thermal properties: the relationship between the thermal 
expansion coefficients of mullite and mullite-zirconia composite 
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Figure 6: Physical properties of mullite-zirconia composite sintered 
at 1600 ºC as a function of zirconia content: a) firing shrinkage; b) 
porosity; and c) bulk density.
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Figure 8: Results of the compressive strength of the mullite-
zirconia composite with various zirconia contents.
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Figure 9: Thermal expansion coefficient versus temperature of 
mullite and mullite-zirconia.
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Figure 10: Effects of thermal shock on the porosity (a), water absorption 
(b), and microhardness (c) of the mullite with different content of 
zirconia.
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is shown in Fig. 9. The volume of the composite material 
increased in small increments when the sample was heated. 
The thermal expansion coefficient (TEC) is significant for using 
mullite-zirconia composite in high-temperature applications for 
an increase in its lifetime. TEC of the pure mullite was low, so the 
effect of ZrO2 content led to a slight increase of this coefficient 
for the mullite-ZrO2 composite. The TEC of mullite-zirconia 
increased in a small amount with increasing temperature, 
possibly due to the increase of the densification of composite 
material and the phase transformation behavior of the partially 
stabilized zirconia from tetragonal to monoclinic phase [13, 19].

The mullite-zirconia composite contained an amount of 
glassy SiO2 phase that led to the development of the mullite 

bridge. The reinforcement of mullite by zirconia particles stoped 
the microcracks development during the thermal shock, and the 
glassy silica phase caused a critical role to fill the pores in mullite-
zirconia composite and make it denser [6-16]. The thermal 
stresses generated in the mullite-zirconia composite due to the 
sudden change in temperature from high to room temperature 
caused microcracking of the material. The failure happens when 
the material strength does not withstand the thermal stresses. The 
thermal shock process caused the deterioration of the physical 
properties and microhardness of the mullite-zirconia composite, 
as shown in Fig. 10. The mullite-zirconia composite withstands 
against the thermal shock due to the high thermal stability of the 
composite and low thermal expansion coefficient [16]. Previous 
studies have mentioned that the mullite-ZrO2 composite with 
good densification improves the thermal shock resistance [20]. 

CONCLUSIONS

Pure mullite material was synthesized from Iraqi kaolin and 
γ-alumina using thermal decomposition and reaction sintering. 
Then the mullite was reinforced by zirconia particle for improving 
the physical, mechanical, and thermal properties. The bulk 
density was enhanced by increasing the content of zirconia; the 
glassy silica phase filled the pores and increased the densification 
of the composite materials that reduced the composite porosity. 
The zirconia particles improved the mechanical properties due 
to the phase transformation of the partially stabilized zirconia. 
The microhardness decreased with the increase of zirconia 
from 3 to 10 wt%; the hardness values were 40.3 and 22.7 GPa, 
respectively. The increase of the zirconia content from 3 to 10 
wt% caused the increase of the compressive strength from 83.2 
to 163.2 MPa. Also, the increase in temperature from 50 to 
800 ºC led to an increase in the thermal expansion coefficient 
of mullite-zirconia composite up to 0.000074 ºC-1. Finally, the 
physical and mechanical properties deteriorated during the 
thermal shock when the temperature difference was increased 
from 200 to 600 ºC.
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