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Abstract

In this study, five foamed ceramics with struts containing needle-like mullite were prepared by direct-foaming
method using white clay, industrial alumina and microsilica powder as raw materials. The effects of microsil-
ica content on the phase compositions, microstructures and properties of foamed ceramics were investigated.
The results showed that the adding of microsilica decreased the average pore size and apparent porosity and
increased the compressive strength and thermal conductivity of the foamed ceramics by affecting the proper-
ties of foamed slurry and reaction sintering process. The foamed ceramics with 10 wt.% microsilica content
showed the best properties with high porosity of 75.8%, positive reheating linear change, compressive strength
of 1.44 MPa and low thermal conductivity of 0.219 W/(m·K) (at 350 °C).
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I. Introduction

Foamed ceramics could be used as high-temperature
thermal-insulating materials, gas filters and heat ex-
changers, due to their high porosities, low conductivi-
ties and high specific strengths [1–9]. Mullite [10–14]
is a well-known refractory material with high resistance
to chemical attack, high compressive strength, low ther-
mal conductivity, etc. Thus, mullite foamed ceramics
are potential to be used as thermal-insulating linings for
high-temperature furnaces. However, foamed ceramics
are easily deformed or even damaged during a long-time
and high-temperature service, due to the sintering stress
and external load [15–17]. In order to solve this prob-
lem, there are two methods. One is to prepare the high-
densification strut through using micron or nanosized
powder as raw materials, which can promote the sinter-
ing degree of the strut of foamed ceramics at high tem-
perature and then improve the strengths. For instance,
Deng et al. [18] prepared the porous mullite ceramics
for filter using mullite powder (D50 was 2.82µm), which
had a high strength of 15.3 MPa and high porosity of
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76%. The other method is based on the preparation of
strut containing needle-like mullite [19–21]. For exam-
ple, Li et al. [20] introduced the mullite whiskers into
the porous anorthite ceramics and found that the com-
pressive strengths increased by four times. Although
both methods can improve the mechanical strength ef-
ficiently, the high cost of the nanosized raw material
as well as pre-preparation of mullite whisker limited
the application of such foamed ceramics in thermal-
insulating linings for high-temperature furnaces. On the
basis of the analysis above, it is necessary to develop
foamed ceramics with high properties as well as low
cost.

Compared with the nanosized mullite powder and
pre-prepared mullite whiskers, white clay, industrial
alumina and microsilica, which are very often used as
raw materials for refractories, are cheaper. In addition,
the clay and microsilica can enhance the strength of the
strut of foamed ceramics, because their nanosized parti-
cles promote the sintering densification through increas-
ing the packing density of powder in green specimen.
Furthermore, the impurities of clay, such as K2O and
Na2O, would facilitate the formation of needle-like mul-
lite through dissolution-precipitation mechanism, which
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is beneficial to improve the strength and thermal shock
resistance of the foamed ceramics [22,23].

In addition to the density and crystal morphology
of strut, reserving a small amount of free Al2O3 and
SiO2 in the strut is probably another way to improve
the strength of foamed ceramics [24], as free Al2O3 and
SiO2 could transform into mullite showing a volume ex-
pansion to counteract the sintering shrinkage [25–31].
In our previous work [24], 18.0 wt.% corundum and
4.7 wt.% quartz were remained in the mullite foamed
ceramics, which have a 0.11% reheating linear change
after reheating at 1500 °C. In present work, the parti-
cle size of alumina was bigger than that of the white
clay and microsilica, which slowed down the sintering
velocity and reserved a bit of corundum. Under these
conditions the corundum would react with microsilica
to form mullite with a lot expansion during the service
life, and counteract the sintering shrinkage.

The aim of the present work was to prepare foamed
ceramics with majority of needle-like mullite, corun-
dum and minor cristobalite, using white clay, industrial
alumina and microsilica as raw materials. The corun-
dum and minor cristobalite reserved in the foamed ce-
ramics were used to form mullite in situ to sustain the
thermo-mechanical stress caused by sintering and ex-
ternal load during service. The effect of the microsil-
ica content on the microstructure and properties of the
foamed ceramics was investigated in detail.

II. Experimental procedure

2.1. Experimental materials

Industrial alumina (average particle size was
52.28µm, Guangming Gaoke Co., China), white clay
(average particle size was 1.73µm, Guangming Gaoke
Co., China) and microsilica (average particle size
was 1.25µm, Elkem Co., Norway) were used as raw
materials and their chemical compositions were listed
in Table 1. Sodium dodecyl sulfate (SDS, chemical
purity, Sinapharm Chemical Reagent Co. Ltd., China)
was used as foaming agent. Carboxymethyl cellulose
sodium (CMC, chemical purity, Sinapharm Chemical
Reagent Co. Ltd., China) and sodium tripolyphosphate
(STP, Sinapharm Chemical Reagent Company, China)
were selected as foam stabilizing agent and dispersing
agent, respectively.

2.2. Specimen preparation

Five initial powder mixtures with different microsil-
ica content were obtained by mixing industrial alumina,
white clay and microsilica (Table 2). Subsequently, the
slurries containing 55 wt.% powder mixture, 0.30 wt.%
SDS, 0.15 wt.% CMC, 0.25 wt.% STP and 44.30 wt.%
deionized water were initially prepared via mechani-
cal mixing by a household hand mixer at lower speed
of 800 r/min for 1 min. The initial slurries were then
stirred for 5 min using a household hand mixer at the
speed of 1300 r/min to obtain foamed slurries. The
foamed slurries were cast in rectangle parallelepiped
specimens (150 mm × 40 mm × 40 mm) and disc speci-
mens (�180 mm ×H20 mm). After being cured for 24 h
at room temperature, all specimens were dried at 110 °C
for 24 h. Then the dried disc and parallelepiped speci-
mens were fired at 1500 °C for 3 h in an electric furnace
before they cooled down to room temperature.

2.3. Characterization methods

The chemical compositions of the raw materials were
determined by an inductively coupled phasma-atomic
emission spectrometry according to the Chinese stan-
dard GB/T 6900-2006. The median particle size was
measured by a laser size analyser (Mastersizer 2000,
Malvern Instruments Ltd, UK).

The density of foamed slurry (FS D) and the volume
expansion of foamed slurry (FS VE) were calculated by
the following equations: FS D = m/v1, FS VE = v1/v0,
wherein m denoted the mass of the foamed slurry, v1
denoted the volume of the foamed slurry, v0 denoted the
volume of the initial slurry.

The phase composition was analysed using an X-
ray diffractometer (XRD, X’pert Pro, Philips) with Cu
Kα radiation (λ = 1.54187 Å). The XRD pattern was
recorded in the 2θ range of 10–90° with a scanning
speed of 2 °/min, and JCPDS cards no. 01-083-1881,
No. 00-042-1468 and No.01-071-0785 were used for the
identification of mullite, corundum and cristobalite, re-
spectively. The crystal phase relative contents were cal-
culated using the SemiQuant Mode of the Highscore
Plus software (version 3.0) based on the XRD results.
The content and the viscosity of the theoretical liquid
phase at 1500 °C were calculated by the software Fact-
sage (version 6.2), based on the system of MgO-Al2O3-
SiO2-CaO-Fe2O3-TiO2-K2O-Na2O.

Table 1. Chemical composition of the raw materials in wt.%

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 IL
White clay 49.71 31.92 1.45 0.14 0.15 0.17 0.21 2.10 13.73

Industrial alumina - 98.26 - - - - 0.32 - 1.36
Microsilica 97.09 0.06 0.11 0.15 0.16 0.38 0.05 0.02 1.70

Table 2. Compositions of five powder mixtures in wt.%

S0 S5 S10 S15 S20
Industrial alumina 58.0 55.1 52.2 49.3 46.4

White clay 42.0 39.9 37.8 35.7 33.6
Microsilica 0.0 5.0 10.0 15.0 20.0

203



W. Zhou et al. / Processing and Application of Ceramics 13 [2] (2019) 202–209

The microstructures and compositions were observed
by a scanning electron microscopy (SEM, ISM-6610,
JEOL, Japan) with an energy dispersive spectrometer
(EDS, QUANTAX200-30, BRUKER Company, Ger-
many). The pore size distributions were statistically
analysed through an image analysis method.

The bulk densities and apparent porosities of the
fired specimens were measured based on Archimedes’
method using water as medium. The compressive
strengths were measured by a universal testing machine
(ETM, Wance, China) with a loading rate of 0.05 MPa/s.

The reheating linear change (RLC) was measured
according to the Chinese standard GB/T 5988-2007.
For that purpose, the fired specimens were reheated at
1500 °C for 3 h in an electric chamber furnace, which
then cooled naturally to room temperature. The RLC

was calculated by the following equation: RLC = (L2 −

L1)/L1 × 100%, wherein L1 denoted the length of the
fired specimen before reheating, L2 denoted the length
of the fired specimen after reheating.

Thermal conductivities of the fired disc specimens
were determined using a water-cooled calorimeter
(PBD-30, Sinosteel Luoyang Institute of Refractories
Research Co. Ltd., China) according to the Chinese
standard YB/T 4130-2005.

III. Results

3.1. Properties of the foam slurries

The effect of microsilica content on the volume ex-
pansion (FS VE) and the density of the foamed slur-
ries (FS D) was shown in Fig. 1. With the increasing
of microsilica content from 0 to 20 wt.%, the FS VE

Figure 1. Densities and volume expansions of the foamed
slurries with different microsilica content

decreased from 2.34 to 1.77, while the FS D increased
from 0.69 to 0.89 g/cm3.

3.2. Structure of the fired specimens

XRD patterns of the fired specimens were shown in
Fig. 2. The five specimens all consisted mainly of mul-
lite, corundum and minor cristobalite. According to the
XRD results, the crystal phase relative content of each
specimen was calculated, as listed in Table 3. It was
found that with the increasing in the microsilica content,
the mullite relative content in the fired specimens in-
creased first, then decreased. When the microsilica con-
tent was 10 wt.%, the mullite relative content reached
maximum. Meanwhile, with the microsilica content in-
creasing, the relative content of corundum decreased
and the relative content of cristobalite increased.

Figure 2. XRD patterns of the fired specimens with different
microsilica content

The microstructures of the polished and fractured
sections of the fired specimens with different microsil-
ica content were shown in Fig. 3. It can be seen from
the polished sections that there were two kinds of pores
in the microstructures. One was intra-strut pores, caused
from the packing behaviour and the agglomerate of raw
materials during sintering process. The other was the
inter-strut pores, coming from the foams. With an in-
crease of microsilica content to 20 wt.%, the area frac-
tion of the inter-strut pores decreased, and the inter-strut
pores became more uniform and their sizes decreased
obviously.

From the microstructures of the fractured sections, it
can be seen that the struts of all specimens consisted
mostly of mullite. When the microsilica content was less

Table 3. Crystal phase relative compositions of the fired specimens in wt.%

Microsilica content Mullite Corundum Cristobalite
0 72.5 26.7 0.9
5 73.1 25.9 1.0

10 80.3 18.3 1.4
15 78.5 17.2 4.3
20 74.1 19.0 6.9

204



W. Zhou et al. / Processing and Application of Ceramics 13 [2] (2019) 202–209

Figure 3. SEM images of specimens with various microsilica content

than 5 wt.%, the main morphology of the mullite was
needle-like. By further increasing the microsilica con-
tent to 10 wt.% and 15 wt.%, a large number of mullite
whiskers with bigger length-diameter ratio in the struts
was formed, and some mullite whiskers grew through
the micro-pore to form interlock structure. When the
microsilica addition was 20 wt.%, a large number of pil-
lared mullite grains was formed, whose average length-
diameter ratio was only 7.73.

In order to investigate the inter-strut and intra-strut
pore characteristics, the pore size distributions of the

fired specimens were shown in Fig. 4. The bimodal pore
size distributions were observed in all specimens, with
intra-strut and inter-strut pore peaks in the ranges of
0–200µm and 600–1000µm, respectively. With an in-
crease of the microsilica content from 0 to 20 wt.%, for
the inter-strut pores, the peak values decreased and the
curves shifted towards the left, which suggested that the
inter-strut pore area fraction decreased. For the intra-
strut pores, the intensity of the peak values increased.
In addition, the curves of cumulative porous area ver-
sus pore size were shown in Fig. 5. With increasing mi-
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Figure 4. Pore size distribution of the fired specimens with
various microsilica content

Figure 5. Cumulative porous area as a function of pore size
of the fired specimen with different microsilica content

crosilica content from 0 to 20 wt.%, the curves shifted
markedly towards the left and the medium pore size
declined from 726µm to 550µm. These results proved
that though the increasing of the microsilica content de-
creased the inter-strut pore area fraction and the poros-
ity, it can indeed reduce the pore size of foamed ceram-
ics.

3.3. Properties of the fired specimens

The physical properties of the fired specimens were
listed in Table 4. With an increase of microsilica con-
tent from 0 to 20 wt.%, although the apparent porosi-
ties decreased from 78.4% to 69.4%, the compressive

strengths of the fired specimens increased obviously
from 0.59 to 4.31 MPa.

The microsilica content also strongly affected the re-
heating linear changes. As listed in Table 4, with an
increase of the microsilica content from 0 to 10 wt.%,
the reheating linear changes of the fired specimens de-
creased from 0.15% to 0.12%, which indicated that the
volume of the fired specimens would expand slightly in
the future service. By further increasing the microsil-
ica content to 20 wt.%, the reheating linear change de-
creased to −0.51%, and it possibly could lead to the
shrinkage deformation of the foamed ceramics in the fu-
ture service.

The thermal conductivities of the fired specimens
at various testing temperatures were shown in Fig.
6. When the testing temperatures were the same, the
thermal conductivities increased with an increase of
the microsilica content. For example, at 200 °C, the
thermal conductivities increased from 0.163 W/(m·K)
to 0.259 W/(m·K) with increasing the microsilica con-
tent from 0 to 20 wt.%. For any of the five speci-
mens, the thermal conductivities increased as the test-
ing temperature increased. When the testing temper-
ature was 800 °C, the maximum thermal conductivity
of the specimen with 20 wt.% microsilica content was
0.384 W/(m·K).

IV. Discussion

Based on the above results, it can be concluded that
the foamed ceramics with struts containing needle-like

Figure 6. Thermal conductivities of the specimens with
different microsilica contents vs. testing temperature

Table 4. Properties of the fired samples with various microsilica content

Microsilica content Apparent porosity Bulk density Compressive Reheating linear
[wt.%] [%] [g/cm3] strength [MPa] [%]

0 78.4 0.67 0.59 0.15
5 77.5 0.68 0.62 0.14

10 75.8 0.71 1.44 0.12
15 73.7 0.75 2.4 −0.23
20 69.4 0.86 4.31 −0.51
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mullite were successfully fabricated, and the optimized
product was a specimen with 10 wt.% microsilica con-
tent. The effect of microsilica content on the microstruc-
tures and properties of the specimens should be con-
sidered from two stages: the preparation stage of the
foamed slurry and the sintering stage of the specimens.

In the preparation of the foamed slurry, the microsil-
ica had smaller particle size and higher specific surface
area than white clay and industrial alumina, which in-
creased the viscosities of slurries [32]. The higher vis-
cosity could prevent the air from entering the slurry, and
thus FS VE decreased and the FS D increased (Fig. 1).
Additionally, the higher slurry viscosity increased the
stability of the foamed slurry, and thus reduced the av-
erage pore sizes of the green specimens, which set in
place a microstructure trajectory that controlled the fi-
nal pore characteristics of the fired specimens.

In the sintering stage of the specimens, the microsil-
ica powder affected the microstructure of the strut in two
ways: one was to react with industrial alumina to form
more mullite; the other was to form liquid phase and
then promote liquid reaction sintering.

For the formation of the mullite, there are two ways.
The one was decomposition of white clay to form the
primary mullite [33], which was the same no mat-
ter whether microsilica is added or not. Another was
the precipitation of the secondary mullite with needle-
like morphology from the local silica-rich liquid phase.
In this process, according to dissolving-precipitation
mechanism [34], the formation of the secondary mul-
lite was controlled by the dissolution velocity of Al2O3
into the silica-rich liquid phase [35]. With the increasing
of microsilica content to 10 wt.%, the silica-rich liquid
content increased (Fig. 7), and then accelerated dissolu-
tion of Al2O3, which was beneficial for the formation of
needle-like mullite. However, when the microsilica con-
tent reached 20 wt.%, the excessive SiO2 dissolved into
silica-rich liquid. This improves the viscosity of liquid
phase (Fig. 7) and slows down diffusion velocity of Al3+

and SiO 4 –
4 ions, which prevented the precipitation of

the secondary mullite (Fig. 3).
For the formation of the liquid, impurities of the clay

such as Fe2O3 and TiO2 would react with alumina to
form the liquid phase (Fig. 7). However, the content
of impurities varied slightly with increasing microsilica
content, so the variable SiO2 content was a more im-
portant factor affecting the liquid phase content. Thus,
an increase of microsilica content from 0 to 20 wt.% in-
creases the liquid phase content (Fig. 7), and then pro-
motes liquid reaction sintering and improves the densi-
fication of the struts. The compressive strengths of the

Figure 7. Content and viscosity of the liquid phase of the
samples with different microsilica contents fired at 1500 °C

specimens improved due to the denser struts and the
formation of the needle-like mullite. Additionally, the
liquid phase also strongly affected the reheating linear
changes. When the microsilica content was lower than
10 wt.%, there was a small amount of the liquid phase,
which would react with corundum to form mullite with
volume expansion during the reheating process and
counteract the sintering shrinkage. However, further in-
creasing of microsilica content to 15 wt.% and 20 wt.%,
the excessive liquid phase was formed, as shown in Fig.
7. When the shrinkage caused by liquid reaction sin-
tering exceeded the expansion caused by the formation
of mullite in situ, the shrinkage occurred during reheat-
ing. Therefore, when the microsilica content was higher
than 15 wt.%, the reheating linear change was negative,
which was adverse during the high-temperature service.

Thermal conductivity was dependant on the phase
compositions and pore characteristics of the specimens.
In this study, the increase of thermal conductivities was
obtained with increasing of microsilica content. How-
ever, with the increase of microsilica content the con-
tent of cristobalite with lower conduction coefficient in-
creased and the content of corundum with higher con-
duction coefficient decreased. Thus, it can be concluded
that the lower porosity contributes more to the increase
of thermal conductivities of the foamed ceramics.

Additionally, Table 5 compared the porous mullite-
based ceramics prepared from different raw materials. It
is apparent that compared with the mullite foamed ce-
ramics prepared by mullite fibres, the mullite foamed
ceramics in this study has a higher compressive strength
and a lower thermal conductivity, which is beneficial to
prolong the service life. Similarly, apart from the higher
compressive strength, the specimen had higher poros-

Table 5. Properties of the fired samples with various microsilica content

Raw materials
Sintering Porosity Compressive Thermal conductivity

Reference
condition [%] strength [MPa] [W/(m·K)]

Mullite fibres 1600 °C/4 h 79.3 1.22 0.449 [36]
SiO1.51C4.03H4.06, Al2O3 1600 °C/4 h 73 1.1 - [37]

Alumina, clay, microsilica 1500 °C/3 h 75.8 1.44 0.214 Present work
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ity than the ceramics fabricated by SiO1.51C4.03H4.06
and Al2O3. In addition, it is worth mentioning that, the
shorter sintering time and the lower sintering temper-
ature in the present work were conducive to resources
saving and environmental protection.

V. Conclusions

The low-cost foamed ceramics with struts containing
needle-like mullite for the lining of high-temperature
furnace were developed successfully in this paper. The
effect of microsilica content on the phase compositions,
microstructure, compressive strength and thermal con-
ductivity was investigated. The following conclusions
can be reached:
1. The adding of the microsilica decreased the volume

expansion of foamed slurry and average pore sizes of
the green specimens, which set in place a microstruc-
ture trajectory that controlled the final pore charac-
teristics of the fired samples.

2. Due to the microsilica addition, the sinterability and
densification of the struts increased, the porosity
decreased and the thermal conductivity increased,
while the compressive strength was obviously im-
proved.

3. The optimized product was a specimen with 10 wt.%
microsilica content which had high porosity of
75.8%, positive reheating linear change, compres-
sive strength of 1.44 MPa and thermal conductivity
of 0.219 W/(m·K) (at 350 °C).
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