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Thermal conductivity of highly porous mullite material
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Abstract
The thermal diﬀusivity of highly porous mullite materials (35–60 vol.% porosity) has been measured up to 1000 C by the laser
ﬂash method. These materials were fabricated by a direct consolidation method based on the swelling properties of starch granules
in concentrated aqueous suspensions and showed mainly spherical shaped pores of about 30 lm in diameter. From the point of view
of heat conduction, they behave as a bi-phase material of voids dispersed in the continuous mullite matrix. The temperature dependence of thermal conductivity for the diﬀerent porosities was modeled by a simple equation that considers the contribution to heat
conduction of the mullite matrix and the gas inside the pores, as well as the radiation. The thermal conductivity of the matrix was
taken from the measurements done in a dense mullite while the conductivity in the voids was assumed to be that of the testing
atmosphere.
 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Generally, porous materials are used in applications
that require low, ﬁxed, and well deﬁned thermal conductivity ﬁgures; for instance, in catalyst supports, hot-gas
or molten-metal ﬁlters, membranes and gas burners
[1,2]. Mullite is one of the ceramic materials suitable
for these types of uses due to its high temperature
strength, as well as its creep resistance [3]. Furthermore,
porous mullite bodies have been used for fabricating
composite-type components by impregnating mullite
foams with polymers, inorganic cements or metals [4].
In this case, thermal conductivity is again a key
property.
In spite of the technological interest of highly porous
mullite, only a few works regarding its processing methods and none concerning the thermal conductivity have
been found in the literature [5–10]. The preparation of
*
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porous mullite materials with porosities ranging from
40 to 60 vol.% can be readily achieved by a direct consolidation method based on the swelling properties of
starch in water, as described elsewhere [11].
Among the techniques available to measure the thermal conductivity, the laser ﬂash method stands out for
its low run time (less than 1 h per temperature) and the
reduced sample size required. This method measures
the thermal diﬀusivity, which can be directly related
to the thermal conductivity by the equation
K ¼ a  C p  q;

ð1Þ

where a is the thermal diﬀusivity, Cp is the speciﬁc heat
and q the materialÕs density. This technique is especially
suitable for dense and opaque materials but it is not so
appropriate for materials transparent to infrared radiation or with pores, since laser radiation can penetrate
through the sample. In the case of porous materials, this
problem can be overcome by correcting the measured
thickness by the pore size as has been discussed in a previous work [12].
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The aim of the present work is to investigate and
model the variations in the thermal conductivity of
highly porous mullite materials (up to 60 vol.%) as a
function of the percentage of porosity, over a wide range
of temperatures.

than the accuracy of the laser ﬂash technique, which is
5% for thermal diﬀusivity, as is discussed below.
Considering that the thermal dilatation is diﬀerent in
the a, b, and c axis of the mullite unit cell, the real volume, V, at a given temperature T, would be
V =V 0 ¼1 þ T 3 ½aðaÞ  aðbÞ  aðcÞ
þ T 2 ½aðaÞ  aðbÞ þ aðbÞ  aðcÞ þ aðcÞ  aðaÞ

2. Experimental procedure

þ T ½aðaÞ þ aðbÞ þ aðcÞ;
Commercial mullite powders (Baikalox-SASM, Baikowsky Chimie, France) and a modiﬁed potato starch
(Trecomex AET1, Lyckeby Stärkelsen AB, Sweden)
have been used as starting materials for this study.
Materials have been prepared as described in detail in
a previous paper [11]. In short, starch granules (in volume fractions ranging from 0.15–0.55) were added to
stable aqueous mullite suspensions containing a total
solids loading of 45 vol.%; the slurries were then poured
into plastic moulds and geliﬁed in air at 80 C for 1–3 h;
next, de-molding and drying at 40 C were carried out;
the resultant green samples were heated in air at a rate
of 4 C/min up to 700 C to burn out the organic matter
and ﬁnally were sintered at 1680 C for 2 h. A dense
mullite specimen (93% of the theoretical density) was
also prepared by uniaxial pressing at 85 MPa and sintering at 1680 C during 2 h, for comparative purposes.
The porosity and density were measured by the
ArchimedesÕ method. For calculations, a theoretical
density of 3.16 g/cm3 was used for mullite.
The microstructure of each material was observed on
polished and thermally etched (1500 C/60 min) samples
by scanning electron microscopy (SEM). The pore size
was determined from SEM micrographs using image
analysis techniques [11]. An average of 200 pores was
considered for the measurements.
The thermal diﬀusivity (a) was measured by the laser ﬂash method (Thermaﬂash 2200, HOLOMETRIX,
USA). Tests were performed in an Ar atmosphere up
to 1000 C, on disk shaped samples of 12.7 mm in
diameter and 1–2 mm of thickness. Specimen surfaces
were gold and graphite coated to enhance absorption
of the laser energy. Software based on the KoskiÕs
[13] method, which considers heat losses and ﬁnite
pulse corrections, was used to obtain the diﬀusivity
from the temperature–time runs. Experimental data
were corrected considering that the actual thickness
was the measured one reduced by twice the maximum
surface roughness of the specimens, according to previous studies of the authors [12,14]. This method allows the eﬀect of the pore size in the sample
thickness to be taken into account.
Data given in [15] for the speciﬁc heat (Cp) of mullite
at each temperature were used in Eq. (1) to calculate the
thermal conductivity (K). The eﬀect of the temperature
dependence of density on the thermal conductivity was
not considered as the error associated with it is smaller

ð2Þ

where V0 is the volume at room temperature, and a(a),
a(b) and a(c) are the thermal dilatation coeﬃcients along
the three axes. The relative error on thermal conductivity associated with this volume change can then be estimated from Eq. (1) as
Dk=k ¼ j1  V =V 0 j  100.

ð3Þ

Introducing the in situ high temperature lattice parameters given by Schneider and Eberhard [16] for a(a), a(b)
and a(c), the relative error ranges between 0.2% and
1.7%, depending on temperature, and therefore it is
not relevant for thermal conductivity calculations.

3. Results and discussion
Table 1, which collects the main characteristics of the
samples, shows that the surface roughness ranges from
34 to 47 lm, similar to the pore size. Fig. 1 represents
thermal conductivity data, with and without the corresponding thickness correction, as a function of temperature for all the samples. It can be observed that
experimental data are reduced by 15% when the correction is made. The material labeled as ‘‘0’’ in Fig. 1 refers to the dense mullite without starch additions. A
steady decay in conductivity with temperature is observed for this material, from 4.63 W/m K at room temperature to 3.15 W/m K at 1000 C, which is the usual
behavior in crystalline materials. However, the porous
specimens show a more moderate decrease with temperature; in fact, the 57 vol.% porous mullite showed an almost constant thermal conductivity in the whole
temperature range, from 1.10 W/m K at 25 C up to
0.91 W/m K at 1000 C. The thermal conductivity of
the more porous samples is quite signiﬁcantly lower than

Table 1
Main characteristics of the porous mullite materials
Material

Porosity (%)

Maximum
surface
roughness
(lm)

Mean pore
size (lm)

Mean pore
aspect ratio

M15
M25
M35
M55

37
39
47
57

38 ± 3
39 ± 5
34 ± 3
40 ± 9

42 ± 27
30 ± 16
27 ± 14
31 ± 21

1.69 ± 0.93
1.78 ± 0.49
1.55 ± 0.35
1.62 ± 0.44
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Thermal Conductivity (W/mK)

5
0
36

4

39
47
57

3

2

voids match the original starch particles in shape and
size. Average pore sizes and pore aspect ratios are gathered in Table 1 for all the samples. According to these
microstructures, the porous materials have been treated
as a composite of two phases having diﬀerent thermal
conductivities, corresponding to the mullite matrix and
the voids. The simple expression developed by Eucken
[17] for dilute dispersed particles was applied, though
this model is only valid for second phase contents below
the percolation limit (15 vol.% [18]):
K ef =K 0 ¼ 1 þ 2v  2V ðv  1Þ=1 þ 2v þ V ðv  1Þ;

1
0

200

400
600
800
Temperature (˚C)

1000

Fig. 1. Thermal conductivity vs. temperature for mullite samples of
diﬀerent porosity percentages (in the legend). Full symbols represent
values after the thickness correction (only for porous specimens).

the dense sample; e.g., a 76% lower value is measured at
25 C for the 57 vol.% porous sample.
The microstructure of the porous mullite specimens
(Fig. 2) can be regarded as consisting of a continuous
mullite matrix with spherical void inclusions of 30–42
lm in diameter and a mean aspect ratio of 1.6. The
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ð4Þ

with Kef being the eﬀective conductivity of the composite, K0 the thermal conductivity of the continuous phase
and v = K0/KInclusion, where KInclusion is the conductivity
of the discontinuous phase and V is its volume fraction.
In the present case, the thermal conductivity of the
continuous phase was taken as that measured for the
near dense mullite material corrected to zero porosity
using KlemensÕ equation [19]
K 00 =K 0 ¼ 1  4=3V ;

ð5Þ

where K 00 is the thermal conductivity measured for the
nominal dense material (7% of porosity) and K0 is that value corrected to zero porosity. The value of K0 at 25 C
is 5.1 W/m K. There are scarce data in the literature for

Fig. 2. SEM micrographs of the porous mullite specimens with (a) 36, (b) 39, (c) 47 and (d) 57 vol.% of porosity.
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the thermal conductivity of dense mullite materials.
Among them we can name those reported in CRC Materials science and engineering handbook [20] and Kingery
et al. [17], which in fact give the same values (6 W/m K at
100 C) from a source [21] of 1964. Nevertheless, no data
about the thermal conductivity method and the microstructure of the specimen are given there and therefore,
they cannot be meaningful compared with the K data presented here. On the other hand, more recent works [22,23]
show similar values, also measured by the laser ﬂash
method, to those of the present paper: 5.2 and 5.7 W/
m K at 25 C for dense mullite bodies processed from alkoxide mullite [22] and high purity mullite powders [23],
respectively. Furthermore, taking into account the range
of thermal conductivity values given for dense mullite,
new studies, more exhaustive in relation to the microstructure, should be done in order to get more reliable
data.
As thermal diﬀusivity measurements were done in an
argon atmosphere and therefore voids were ﬁlled with
this gas, the thermal conductivity of the dispersed phase
in Eq. (4) is assumed to be that of argon. Thermal conductivity of Ar as a function of temperature was calculated by the least squares ﬁtting of tabulated data
given in [24] to the following equation:
K
¼ 0.0017T 0.5  0.0112;
ð6Þ
Argon

where a T0.5 dependence was assumed based on the kinetic theory of gases [25].
Although the eﬀective thermal conductivity data do
not match the EuckenÕs equation (Fig. 3), the ﬁt is better
than could be expected considering that this equation is
a quite simple approximation only valid for dilute media. Probably, this approximation is not unrealistic because void percolation was not observed, even for the

highest porosity (Fig. 2). A better ﬁt is attained if the
empirical weight function proposed by Singh et al. [26]
for systems with two phases of quite diﬀerent thermal
conductivities and a high volume fraction of the dispersed phase is used to modify the EuckenÕs expression.
In this way, the volume fraction of pores in Eq. (4) is replaced by the factor


K Argon
2
F 2 ¼ 1  exp 0.92V log
;
ð7Þ
K0
which gives the eﬀective thermal conductivity vs. porosity curves plotted in Fig. 3 as discontinuous lines.
Although experimental data at room temperature match
this curve, data at 800 C diverge from its corresponding
ﬁt.
Regarding the thermal conductivity–temperature
behavior, K of the dense mullite is readily ﬁtted to the
following equation (Fig. 4):
K ¼ 23.2T 0.27 .
ð8Þ
0

However, it was impossible to obtain similar good ﬁts
using a T0.27 dependence for the porous materials.
Hence, to model this behavior the intention was to develop a simple equation that clearly shows the relative
contribution of each phase. First, let us consider the
eﬀective thermal conductivity of the porous material as
given by
1
P 1 ðV Þ
P 2 ðV Þ
¼
þ
;
K ef ðT Þ K 0 ðT Þ K Argon ðT Þ

where P1(V) and P2(V) are functions of porosity and
K0(T) and KArgon(T) represent the temperature dependence of thermal conductivity for the dense mullite
(T0.27 from Eq. (8)) and the gas phase (T0.5 from
Eq. (6)), respectively. This mathematical law means that
the contribution of the atmosphere to the temperature

6

25 ˚C

Thermal Conductivity [W/mK]

Thermal Conductivity [W/mK]

6
5
4
3
800 ˚C
2
1
0
0.0

ð9Þ
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Volume fraction of Porosity
Fig. 3. Thermal conductivity as a function of porosity for all the
mullite specimens tested at two diﬀerent temperatures. Continuous
lines represent values from Eq. (4) and dashed lines data corrected
using Eq. (7).
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Fig. 4. Temperature dependence of thermal conductivity for the
porous and dense specimens. Discontinuous line corresponds to values
given by Eq. (8) and continuous lines to those given by Eq. (10).
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3

The term P3T that weights the contribution of radiation to the conductivity is also added. The parameters
P1, P2 and P3 were estimated by the least squares ﬁtting
of this equation to the experimental data. The ﬁtting
achieved for each material is represented in Fig. 4 by a
solid line, showing a very good agreement with experimental data. In Fig. 5, the calculated parameters P1
and P2 are plotted as a function of porosity. The higher
slope observed for P2 seems to indicate that the contribution of the T0.5 term is more important for higher
porosity volumes and leads to a softer dependence of
the thermal conductivity on the temperature. From this
ﬁgure, it is evident that the model cannot be applied for
porosities below 35% as P2 becomes negative.
If we represent P3 data as a function of the average
pore diameter of each specimen, a linear dependence is
clearly observed (Fig. 6), as theory predicts. Actually,
the radiation contribution to the thermal conductivity
in porous materials can be estimated by the expression
[17]
K rad ¼ 4rB en2 dT 3 ;

ð11Þ
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Fig. 6. Parameter P3 as a function of the average pore size for the
diﬀerent porous mullites.
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Fig. 7. Eﬀective thermal conductivity vs. temperature and porosity
fraction as predicted by Eq. (10) for porous mullite.

The dependence of Kef(T,V) with porosity and temperature as predicted by Eq. (10) for porous mullite
specimens is jointly depicted in Fig. 7. Using this expression we can predict the volume of pores required to get a
given thermal conductivity in a mullite body.

0.25

4.5
4.0
3.5
3.0
2.5
2.0
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4. Conclusions
0.20

P1

P2

in which rB is the Stefan–Boltzmann constant, e the
emissivity, n the refraction index and d is the pore diameter. Assuming e  1, n as the argon refraction index
(1) and d as the measured mean pore size (27–42 lm
in Table 1), a value of 1 · 1011T3 W/m K is estimated
for Krad. This value is very close to that deduced from
the proposed equation that is in the range 1 · 1011T3
to 5 · 1011T3 W/m K.

5

P3 x 10

dependence of the thermal conductivity of porous materials can be considered by introducing in a rule of mixtures a weight function dependent on the fraction
porosity.
Replacing K0(T) and KArgon(T) in Eq. (9), Kef as a
function of temperature can be obtained
T 0.23
þ P 3T 3.
ð10Þ
K ef ðT Þ ¼
P ðV ÞT 0.27 þ P ðV ÞT 0.5
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Fig. 5. Parameters P1 and P2 as a function of porosity.

From the point of view of the heat conduction, porous mullite (porosity in the range 35 to 60 vol.% and
pore sizes 40 lm) behaves as a bi-phase material of
voids dispersed in the continuous and dense mullite matrix. The thermal conductivity of materials with porosities P45% is almost constant with temperature and
75% lower than that of the dense mullite.
A simple equation that models the temperature
dependence of thermal conductivity for the diﬀerent
porosities has been proposed, which includes the
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contribution to heat conduction of the dense mullite matrix and the gas inside pores, as well as radiation.
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