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The highly porous cordierite ceramics were fabricated combining the merits of direct foaming and gelcasting method. The 
content of gum arabic had a great influence on the foaming capacity and the stability of the wet slurry foam. And the 
foaming capacity mainly affected the porosity while the stability mainly affected the pore size. The highest porosity of 90 % 
was obtained at 0.4 wt. % gum arabic content and the smallest pore size and the most homogeneous pore distribution were 
arrived at 1.2 wt. % gum arabic content. As the sintering temperature increased, the porosity and pore size decreased but the 
uniformity of the pore distribution increased. Moreover, the thermal conductivity was mainly affected not only by the porosity, 
but also by the sintering degree of the cordierite substrate.

INTRODUCTION

 Cordierite foam ceramics have many unique pro-
perties such as excellent thermal shock resistance, high 
melting point, high corrosion resistance, low thermal 
conductivity, low density, and low dielectric constant 
[1-4]. The performance of porous ceramics mainly 
depends on the porosity, pore size, morphology and 
distribution, all of which are determined by the processing 
steps involved in the fabrication of the ceramic foams. 
Numerous processing methods have been developed 
to produce ceramic foams [5-8]. In previous work, we 
fabricated the porous cordierite [9] and anorthite [10] 
ceramics using the direct foaming method and the slip 
casting method. The viscosity of the slurry, porosity, 
density and pore structure were studied in detail. And the 
relationship between porosity and thermal conductivity 
was discussed based on Gong’s model [11]. However, 
the slip casting method has its own disadvantages, such 
as cracks, low strength and porosity gradient in the 
sintered samples. All of these impedes the further study 
of the above factors affecting the thermal conductivity. 
Therefore, it is necessary to find another solidification 
method to avoid the above defects in the samples. 
Gelcasting process combined with foaming method has 
been used to produce porous ceramics [12-14]. When 
the slurry foams are prepared, gelcasting process can 
maintain the porous structure effectively before the 
sintering process. Moreover, the mechanical strength 
of sintered foams is higher than those obtained by other 
routes [15] and the samples have a more homogeneous 
pore microstructure.

 In this study, the rheological behavior, porosity, 
microstructure, thermal conductivity at room tempera-
ture, and pore size distribution were investigated. More-
over, the experimental thermal conductivity data were 
compared with theoretical values derived from Gong’s 
model. The factors affecting the thermal conductivity, 
including porosity, pore size, pore distribution and 
sintering degree were also discussed. 

EXPERIMENTAL

 Commercial cordierite powder (Hebei, China) was 
used to fabricate the porous ceramic. Gum arabic (Cp, 
Shanghai, China) was added as the dispersant. 0.5 wt. % 
content of agar (Cp, Shanghai, China) based on the 
solid phase was used to solidify the slurry. The dodecyl 
sodium sulfate (K12, Cp, Shanghai, China) was added 
into the slurry as the foaming agent.
 40 wt. % concentrated slurry was chosen to prepa-
re the green bodies. For this purpose, the mixture and 
different amounts of dispersant were added into deioni-
zed water and ball-milled for 24 h at a rotation speed 
of 180 rpm. Then the slurry was poured into a beaker 
and heated to 60°C by water bath. Meanwhile, 0.5 wt. % 
content of agar was heated to 90°C to dissolve in water. 
Afterwards, both of them with K12 were mixed and 
stirred using a direct driven motor at a speed of 1500 rpm 
to produce wet slurry foams. After stirring for 3 min, the 
wet slurry foams were cast into the molds fabricated by 
silicone. Subsequently, the molds were dried at room 
temperature for 48 h before samples removal. Then the 
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wet green bodies were dried at room temperature for 
24 h and in a drying oven at 80°C for 24 h. After drying, 
the specimens were sintered between 1200 and 1300°C 
at an interval of 50°C for 2 h. A detailed flowchart of the 
process is shown in Figure 1.

 The viscosity of the slurry was measured using 
NDJ-5S rotational viscometer. The foaming capacity 
was determined by the ratio of the height after and before 
foaming, which was simply measured by vernier caliper. 
The microstructure was observed on FEI Quanta FEG 
450 scanning electron microscopy (SEM). The pore 
size distribution was obtained by analyzing SEM micro- 
graphs using an image analyzer (Nano measurer, 
China) with a total of at least 200 pores being counted 
on each image. The open porosity was determined by 
the Archimedes method using distilled water as liquid 
medium. And the thermal conductivity of the samples 
was measured by DRE-2C thermal conductivity tester. 

RESULTS AND DISCUSSION

Viscosity and foaming capacity

 The rheological behavior has a great influence 
on the foaming capacity and the stability of wet slurry 
foam. Therefore, the variation of the slurry viscosity 
is an important part of this research. Figure 2 shows 
the effect of the gum arabic contents on the viscosity 
of the slurry. For all the samples with different gum 
arabic contents, the viscosity of the slurry was not high 
and the slurries showed pseudoplastic flow behavior, 
which could favor the generation of the foam due to the 
lower viscosity under shearing [16]. As the content of 
gum arabic increased, the viscosity decreased first and 
then increased. The 0.4 wt. % content of gum arabic 
correlated with the optimum concentration for complete 
coverage of the dispersant onto the ceramic particles 

creating a repulsive potential, resulting in a low-viscosity 
slip [17]. The further increase in viscosity occurred as a 
result of an interaction between the excess free polymer 
chains in the suspension [17]. Generally, the effect of 
the viscosity on the foaming capacity directly reflects in 
the foaming volume/height, which also determines the 
porosity [18]. The ratio of the height after and before 
foaming was represented in Figure 3. The curves of 
the slurry foaming capacity were in good agreement 
with the viscosity curves, and at 0.4 wt. % content of 
the gum arabic, the foaming capacity of the slurry was 
the highest. After foaming, the viscosity of the slurry 
foam had a substantial increase (as shown in Figure 4), 
which can be attributed to the presence of bubbles and 
surfactant molecules at the gas-liquid interfaces [13, 16]. 
Moreover, the viscosity of the slurry after foaming had 
the similar variation to the results shown in Figure 2. 
But the minimum value of the viscosity appeared when 
the content of the gum arabic was 0.8 wt. % rather than 
0.4 wt. %. This is the result of the interaction, including 
the dispersant which decreased the viscosity and the 
foaming process increasing the viscosity. Figure 1.  Detailed flowchart of the process used to prepare 

porous green bodies.
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Figure 2.  Viscosity variation with different contents of gum 
arabic before foaming.
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Figure 3.  Foaming capacity of the slurry with different contents 
of gum arabic.
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Porosity

 Figure 5 shows the total porosity and open porosity 
of samples varied as a function of gum arabic content. 
The total porosity of sintered sample is calculated from 
the theoretical fully density of cordierite ceramic. For 
all the sintering temperatures, the total porosity and 
open porosity varied in a small range with different gum 
arabic contents. However, it is still obvious that for all 
the samples, both the total porosity and open porosity 
increased first and then decreased with the increasing 
content of the gum arabic, which is similar to the trend 
of the foaming capacity (as shown in Figure 3). This 
indicates that the foaming capacity rather than the 
stability of the foamed slurry dominates the total porosity 
and open porosity of the samples. Also, the maximum 
values of the total porosity and open porosity appeared 
at 0.4 wt. % content of the gum arabic. Moreover, a 
gradual decrease in total porosity and open porosity with 

temperature was observed for all the samples with the 
same gum arabic doping levels. It can be concluded that 
the effect of the temperature on the total porosity and 
open porosity is prior to the effect of the viscosity in this 
work. The closed porosity, which is the difference value 
between total porosity and open porosity, increased 
as the temperature increased from 1200°C to 1300°C, 
indicating that part of open pores transformed into the 
closed pores during sintering process. 

Microstructure

 Figure 6 presents the SEM microphotographs of 
the samples with 0 - 2.0 wt. % gum arabic contents sin-
tered at 1250°C. The samples with different dispersant 
contents exhibited similar tri-modal pore structure with 
macropores and windows. The macropores and windows 
were believed to form during the foaming process [19]. 
The windows connecting the two different cells caused a 
high open porosity. As shown in Figure 7, the maximum 
value of pore size appeared when the gum arabic content 
was 0.4 wt. %. And the variation of the pore size curve 
was in contrast to the results of the viscosity shown in 
Figure 2 and 4, which can be ascribed to the stability 
of the slurry during the foaming process and gelation 
process. This suggests that the pore size was determined 
mainly by the stability of the slurry rather than the 
foaming capacity. The stability is mainly manifested in 
two aspects. On the one hand, it is difficult to break up 
the bubbles to be smaller by the stirring paddle in the 
process of foaming when the viscosity is high. On the 
other hand, the higher viscosity restrains the growth and 
coalescence of the bubbles to be larger in the gelling 
process. Figure 8 shows the pore size distributions of 
samples with different gum arabic contents sintered at 
1250°C. All of the curves were unimodal, indicating that 
the pore size distributions of the samples were uniform. 
When the content of the gum arabic was 1.2 wt. %, the 
pore size distribution had the best uniformity.
 Figure 9 shows the SEM microphotographs of the 
samples sintered at different temperatures without Gum 
arabic added. As the temperature incerased from 1200 
to 1300°C, the average pore size decreased from 230 
to 190 μm (shown in Figure 10). This can be ascribed 
to the shrinkage of the pores and the densification 
caused by the high temperature. Moreover, based on 
the slopes of the pore size curves between different 
temperatures, the reducing rate of the pore size increased 
with the temperature increase. Figure 11 presents 
the pore distributions of samples sintered at different 
temperatures. The uniformity of pore distribution also 
decreased with the increasing temperature due to the 
shrinkage and densification of the samples. This is 
an unavoidable process that the transformation of the 
pore diameter from large to small will lead up to the 
nonuniformity of the pore distribution [10].
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Figure 4.  Viscosity variation with different contents of gum 
arabic after foaming.
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Figure 5.  Total porosity and open porosity of samples with 
different gum arabic contents sintered at 1200-1300°C.
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Figure 6.  SEM microphotographs of the samples with 0 - 2.0 wt. % gum arabic contents sintered at 1250°C: a) 0 wt. %;  
b) 0.4 wt. %; c) 0.8 wt. %; d) 1.2 wt. %; e) 1.6 wt. %; f) 2.0 wt. %.
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Figure 7.  Average pore size variation with different gum arabic 
contents sintered at 1250°C.
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Figure 8.  Pore size distributions of samples with different gum 
arabic contents sintered at 1250°C.

Figure 9.  SEM microphotographs of the samples sintered at different temperatures: a) 1200°C; b) 1250°C; c) 1300°C.
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Figure 10.  Average pore size variation with different sintering 
temperatures.
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Thermal conductivity

 The thermal conductivity measurement was carried 
out by TPS technique at room temperature [20]. The 
main advantages of the hot disk technique include wide 
thermal conductivity range (0.005 - 500 W∙m-1∙K-1), wide 
range of materials types, easy sample preparation, non-
destructive measurement and high accuracy [21]. The 
measured results show that the thermal conductivity of 
the porous cordierite ceramics increased from 0.06 to 
0.12 W∙m-1∙K-1 with porosity decreasing from 90 to 87 %. 
Thus it can be found that though the variation of porosity 
was slight for the samples, the corresponding thermal 
conductivity had a large scope. Figure 12 presents the 
thermal conductivity as a function of porosity for the 
experimental data. For all the samples sintered at different 
temperatures, the thermal conductivity decreased as the 
porosity increased. And it is obvious that the distribution 
of the thermal conductivity data presented three levels 
based on the temperature. 

 As a general rule, a porous material can be con-
sidered as a two-phase system, viz. a dense solid skeleton 
and air [11]. For the porous cordierite ceramics prepared 
in this work, they consist of a dense cordierite skeleton 
and air. Based on this assumption, there are many 
researches on the relation between thermal conductivity 
and porosity, and some prediction models have been 
put forward, including the Series and Parallel models 
[22], Maxwell-Eucken models [23, 24], EMT equation 
[25, 26], a universal model [27] and so on. As shown in 
Figure 12, the thermal conductivity curves of the porous 
cordierite ceramic were plotted based on the Gong’s 
model, which had been used in the porous mullite and 
anorthite ceramics successfully [10, 11]. In fact, Gong’s 
model is a semi-empirical model, which can be defined 
as follows. 

(1)

where k and υ are thermal conductivity and volume 
fraction, respectively. A proportionality coefficient χ is 
added, which is related to the microstructure of porous 
materials. The formula of χ can be obtained by fitting 
parts of experimental data, and the usual expression is 
given.

χ = exp (a + bε) +1                      (2)

where ε is porosity. The effect of the microstructure on 
the thermal conductivity may reflect on the impact of a 
and b. 
 It can be found that the three curves represented the 
variation of thermal conductivity related to the porosity 
at three different sintering temperatures. However, the 
porosity is not the only factor that affects the thermal 
conductivity. Pore size, pore structure and grain size also 
had obvious effects on heat conduction [28]. Small pore 
size and uniform pore distribution both contributed to 
lower thermal conductivity [10, 29]. Based on the results 
in section 3.3 and Figure 12, it can be observed that the 
sintering degree was the other factor greatly affecting 
the thermal conductivity rather than pore size, pore 
distribution or grain size. As the sintering temperature 
increased, larger amount of particles connected with 
each other, which led to the stronger sintering necks 
and increasingly strong network in the sintered bodies, 
increasing the heat transfer channel. In fact, for the 
two-phase system, both of the two phases (gas phase 
and solid phase) varied with the sintering process while 
the change of the solid skeleton was not reflected in the 
above models.

CONCLUSIONS

 In the present work, highly porous cordierite 
ceramics with porosity from 87 to 90 % were fabricated 
combining the merits of direct foaming and gelcasting 
method. The gum arabic content had a great influence on 
the foaming capacity and the stability of the wet slurry 
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Figure 12.  Thermal conductivity as a function of porosity for 
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foam. Moreover, it can be found that the foaming ca-
pacity mainly affected the porosity while the stability 
mainly affected the pore size. At 0.4 wt. % gum arabic 
content, the highest porosity of 90 % was obtained 
and at 1.2 wt. % gum arabic content the samples had 
the smallest pore size and the most homogeneous pore 
distribution. As the sintering temperature increased, the 
porosity and pore size decreased but the uniformity of 
the pore distribution increased due to the shrinkage and 
densification of the samples. Moreover, the distribution 
of the thermal conductivity data presented three different 
levels based on the sintering temperature. And the 
porosity continued to dominate the thermal conductivity 
but the sintering degree rather than pore size or pore 
distribution also had a great influence on the thermal 
conductivity in this paper. However, for the two-phase 
system, both of the two phases varied with the sintering 
process while the change of the solid skeleton was not 
reflected in all of the existing models, which should be 
further studied.
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