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ZrSiO4 modified mullite-based porous ceramics were fabricated at 1400 °C by using a foam-gelcasting method from industrial
grade powder materials. Except for mullite and ZrSiO4 no other phases were identified in the fired samples added with
ZrSiO4, implying that at the firing temperature, ZrSiO4 neither decomposed, nor reacted with mullite. In the microstructures
of these samples, mullite/ZrSiO4 grains were evenly distributed, and the overall pore sizes were reduced. The addition of
ZrSiO4 showed little effect on porosity and bulk density of fired samples, which were respectively around 77 % and 0.7 g∙cm-3.
However, it led to the enhanced mechanical strength, and more importantly, the reduced thermal conductivity, especially
at high temperatures. When 8 wt. % ZrSiO4 was added, flexural and compressive strengths increased respectively to 3.63
and 7.35 MPa, whereas thermal conductivity at 200 and 1000 °C was reduced to 0.160 and 0.277 W∙m-1∙K-1, respectively,
which was mainly attributed to the shading effect, decreased size of “large” spherical pores, and more centralized and
homogenized pore size distribution.

INTRODUCTION
Porous mullite ceramics are good insulation materials possessing superior properties like high melting
(1850 °C), small thermal expansion, chemical inertness,
lightweight and low thermal conductivity [1-4]. Various
strategies/methodologies have been adopted to fabricate
them, including sacrificial template [5, 6], gel/freeze casting [7, 8], particle stacking [9, 10], use of pore-former
[11, 12] as well as foam-gelcasting [13, 14]. Compared
with other techniques, the foam-gelcasting technique
shows several advantages, for example, it is easy to operate, low cost, and scalable, and the resultant products
exhibit excellent properties and performance [14, 15].
The thermal behaviour and performance of a porous insulation material has great effects on the energy
efficiency, and is thus a critical issue concerning high
temperature industries. Generally, the thermal conductivity of an insulation ceramic is higher at elevated
temperature than at ambient temperature [16-20]. Considering the actual service condition, thermal conductivity
examined at elevated temperature should be more meaningful than that examined at ambient temperature.
Heat is transferred in three complex modes: solid/
gas conduction, natural convection, and heat radiation,
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and the relative contribution from each mode depends on
the operation condition. With an increase in temperature,
heat radiation in an insulation material becomes more and
more significant, though it is almost negligible at room
temperature [21]. The mechanism corresponding to this
mode is complex, making it hard to analyze. Nevertheless,
reduction of heat radiation is key in lowering thermal
conductivity of a material, i.e., improving its insulation
performance, at a high temperature.
Since heat radiation is the major contributor to the
increased thermal conductivity at high temperatures,
additives like ZrSiO4 were introduced into a base material as an infrared (IR) opacifer [22, 23] for effectively
blocking the IR radiation and reducing the thermal
conductivity, providing an alternative approach to the improvement in thermal insulation of a composite material,
especially in a demanding operational environment.
In this paper, to further enhance the insulation performance of mullite-based porous ceramics at high temperatures, ZrSiO4 powder was added and investigated as
an IR opacifier. A foam-gelcasting based technique was
developed and used to prepare the desired highly porous
ZrSiO4 modified mullite ceramics. The influence of
ZrSiO4 addition on microstructure and thermal/mechanical performance of fired porous samples was evaluated.
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EXPERIMENTAL
Starting materials
Industrial grade mullite powder (d50 = 2.8 μm)
was utilised as the main starting material, along with
analytical grade ZrSiO4 powder (98 %, d50 = 1 μm).
Isobam-104 (IB) and sodium carboxymethyl cellulose
(CMC) were chosen for dispersion/gelation and foam
stabilization, respectively, and triethanolamine lauryl
sulfate (TLS) was used for foaming.
Sample preparation
Mullite and 0 - 8 wt. % ZrSiO4 were wet-mixed/
homogenized in a ball mill. The wet mix was then ovendried at 110 °C for overnight, and screened using a
100 mesh sieve. A slurry composed of 52 vol. % of the
powder mix, 0.1 wt. % CMC, 0.5 wt. % IB and deionized
water was prepared (2 min initial stirring, followed by
immediate addition of 0.6 vol. % TLS and another 2 min
further stirring). The foamed slurry was cast and cured
in a mold. After demoulding, the samples were dried at
40 °C and 110 °C, for 2 days each, before being fired at
1400 °C for 2 h.

statistically on the basis of SEM images using the MicroImages Analysis & Process System (MIAPS) package.
Three-point bending strength and compressive strength
were tested by using digitally controlled testers. Thermal
conductivities at different temperatures (200 - 1000 °C)
were examined using the water flow plate technique.
RESULTS AND DISCUSSION
Figure 1 presents XRD results of samples with
various contents of ZrSiO4 fired for 2 h at 1400 °C.
Mullite was identified as the main phase. Furthermore,
in the ZrSiO4 modified samples, as expected, ZrSiO4 was
present as the second phase, and its peak heights relative
to those of mullite increased with its content. Except
mullite and ZrSiO4, no other phases were detected,
indicating that on firing ZrSiO4 neither reacted with
mullite, nor decomposed to ZrO2 and SiO2. This was due
to the lower firing temperature than the decomposition
temperature of ZrSiO4 [24].
Figure 2 illustrates SEM images of the samples
after 2 h at 1400 °C, revealing a solid matrix and “large”
spherical pores in the microstructure. High magnification
images (on the right in Figure 2) further revealed the similarity in the overall microstructure and morphology of

Sample characterization
A Malvern laser analyzer was used to measure
particle size distribution. A Philips X-ray diffractometer
(XRD) was used to identify crystalline phases in samples.
ICDD cards used to assist phase analysis are mullite
(01-079-1458) and ZrSiO4 (74-1685). Porosity and density of samples were measured based on the Archimedes
principle. Microstructure was observed by a scanning
electronic microscope (SEM). Pore sizes were analyzed
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Figure 1. XRD patterns of samples containing various amounts
of ZrSiO4 after 2 h firing at 1400 °C.
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c) 4 wt. %
Figure 2. SEM images of samples with various contents of
ZrSiO4: a) 0 wt. %, b) 2 wt. %, c) 4 wt. %, after 2 h firing at
1400 °C. (Continue on next page)
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but began to decrease on further increasing the content
from 6 to 8 wt. %. The highest flexural and compressive
strengths corresponding to 6 wt. % of ZrSiO4 addition
were respectively 3.93 and 9.54 MPa. Although both
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Figure 3. Effect of ZrSiO4 content on the average size of
“large” spherical pores in the samples fired at 1400 °C for 2 h.
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the fired samples. The grains with similar shapes and sizes
were distributed uniformly. Figure 2 also shows that the
fired samples were all porous, containing relatively large
spherical pores (highlighted by ‘A’), and small window
pores (highlighted by ‘B’) in internal walls of the former
were generated. As discussed previously, their formation
was related to the foaming, gas diffusion and sample
sintering [20-22]. Moreover, it also can be seen from
Figure 2 that when the ZrSiO4 content rose from 0 to
8 wt. %, overall pore sizes in the fired samples appeared
to become smaller and more homogeneous. According
to the MIAPS analysis (Figure 3), as the ZrSiO4 content increased from 0 to 8 wt. %, average size of
the relatively large spherical pores (highlighted by ‘A’
in Figure 2) decreased from 171.0 to 141.9 μm (Figure 3).
Figure 4 demonstrates the influence of ZrSiO4 content on the densification extent of samples heated at
1400 °C for 2 h. When the ZrSiO4 content increased from
0 to 8 wt. %, the porosity and bulk density only varied
within small ranges, 77 - 78 %, and 0.69 - 0.71 g∙cm3,
respectively, indicating the little effect of ZrSiO4 addition
on the sample densification on firing. Nevertheless, in
terms of the size-decrease of “large” spherical pores
caused by the ZrSiO4 addition (Figures 2 and 3), it can be
considered that the ZrSiO4 addition led to more centralized and homogeneous pore size distribution. In other
words, ZrSiO4 added to the mullite matrix led to a more
uniform microstructure, which would impart better
thermal performance to fired porous samples without
compromising their high porosity and mechanical
strength, which will be further discussed below.
Given in Figure 5 are flexural and compressive
strengths of fired samples containing different amounts
of ZrSiO4, illustrating that both strengths were enhanced
on increasing the ZrSiO4 content from 0 to 6 wt. %,
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Figure 4. Porosity and bulk density of samples fired at 1400 °C
for 2 h as a function of ZrSiO4 content.
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Figure 2. SEM images of samples with various contents of
ZrSiO4: d) 6 wt. %, e) 8 wt. %, after 2 h firing at 1400 °C.
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Figure 5. Effect of ZrSiO4 content on mechanical strength of
porous mullite samples fired at 1400 °C for 2 h.
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Figure 6. Thermal conductivity values of as-prepared samples
containing various amounts of ZrSiO4, at various testing temperatures.
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Figure 7. Thermal conductivity of as-prepared samples measured at 1000 °C as a function of ZrSiO4 content.

strengths corresponding to 8 wt. % ZrSiO4 addition
decreased from their peak values, they were still higher
than in the case of without ZrSiO4 addition. These results indicated that the mechanical strength could be
effectively enhanced by adding < 8 wt. % ZrSiO4.
Thermal conductivities of fired samples were examined at various temperatures (200, 400, 600, 800 and
1000 °C) and are compared in Figure 6. For a given
sample, its thermal conductivity increased with the test
temperature. However, at a given test temperature, the
thermal conductivity overall tended to decrease when
the content of ZrSiO4 was increased from 0 to 8 wt. %.
For example, at 600 °C, it decreased to 0.234 W∙m-1∙K-1
as the ZrSiO4 content rose to 8 wt. %. The lowest value
(0.160 W∙m-1∙K-1) was seen in the case of the sample
containing 8 wt. % ZrSiO4 at 200 °C. The thermal
conductivity of this sample at 1000 °C slightly increased
to 0.277 W∙m-1∙K-1 but it was still very close to that of
the sample without ZrSiO4 at 200 °C. Considering the
importance of thermal insulation at elevated temperature,
the correlation of thermal conductivity at 1000 °C with
the content of ZrSiO4 is specifically demonstrated in
Figure 7. As seen from Figure 7, the thermal conductivity at 1000 °C decreased as the ZrSiO4 content rose
from 0 to 8 wt. %, demonstrating further the beneficial
effect of ZrSiO4 addition for the thermal insulation even
at high temperature. Comparison in Table 1 revealed
that thermal conductivity values of as-prepared porous
samples were competitive with those reported previously
for their porous counterparts prepared via other routes,
suggesting that foam-gelcating combined with ZrSiO4
addition was feasible to make mullite based porous
ceramics with good insulation performance, especially
at an elevated temperature.

Table 1. Comparison of thermal conductivity of as-prepared porous mullite with the data reported in literature.
Method
Porosity
Test temperature
		
(%)
and measure method
						
Gel-casting
71.7
25 °C, laser flash method
Foaming
Foam-gelcasting
and microwave heating

65.32 - 83.02
76.6

Foam-gelcasting combined
79.1
with pore-forming agent			
Foaming and starch
consolidation

~ 76.2

1100 °C, flat plate method
25 °C, hot disk method
200 °C, standard water flow
plate method
25 °C, hot disk method

Thermal conductivity
(W∙m-1∙K-1)
0.378
0.28 - 0.42

[7]
[15]

0.269

[18]

0.11

[19]

~ 0.31

[28]

Foam-gelcasting with
77.4
ZrSiO4 addition			

200 °C, standard water flow
plate method

0.160

					
					

1000 °C, standard water flow
plate method

0.277
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The thermal conductivity of dense mullite is
slightly lower than that of dense ZrSiO4 [25]. Despite
small amounts of addition, the added ZrSiO4 should
still result in enhanced thermal conductivity, however,
the test results showed the opposite, which can be
explained by the roles played by the added ZrSiO4. On
the one hand, it acted as an IR opacifer, blocking the
IR radiation via shading effect, and thus reducing the
overall heat transfer. On the other hand, it might also
assist reducing the thermal conductivity via decreasing
the average size of “large” spherical pores and narrowing
distribution of pore size. In terms of literature, at a given
level of porosity, thermal conductivity decreases when
the pore size decreases. According to Nait-Ali et al., to
fabricate an effective thermal insulation material, it was
necessary to form high volume fraction of small pores
in the microstructure [26]. Furthermore, Alvarez et al.
considered that pore radius played a relevant role in the
thermal conductivity reduction [27]. In addition, at a high
operating temperature, the heat radiation would become
more significant than the conduction and the convection.
Thermal conductivity of a porous ceramic via radiation
was positively related to the maximum pore size [15]. As
shown in Figures 2 and 3, the ZrSiO4 addition led to the
decrease in the overall size of “large” pores, thus further
decreasing the high temperature thermal conductivity of
fired porous samples.
Several factors can affect thermal property of
a porous material. As well known, thermal conductivity
decreases with an increase in the porosity. Apart from
this, the microstructure could make a great difference
[28]. Isotropic porous materials can be classified into two
types: internal porosity material and external porosity
material [29]. Based on the thermal conductivity at
200 °C (Figure 6), the porous samples prepared in
this work exhibited similar characteristics to those of
internal porosity materials [28, 29]. For such materials,
heat is transferred mainly through their matrix which is
more thermally conductive, and their effective thermal
conductivity is bounded above that predicted by the
Maxwell-Eucken model but below that predicted by the
EMT model [28].
CONCLUSIONS
Mullite based porous ceramics were fabricated by
using a foam gelcasting method. Isobam-104, CMC, and
TLS were used respectively as dispersing/gelling, foam
stabilizing, and foaming agents. The fired porous mullite
sample containing 8 wt. % ZrSiO4 showed high porosity up to 77.4 %, high compressive strength up to
7.35 MPa, and low thermal conductivity: 0.160 and
0.277 W∙m-1∙K-1 at 200 and 1000 °C, respectively. The
addition of ZrSiO4 was beneficial for effective reduction of thermal conductivity, in particular at a high
temperature.
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