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bstract

he thermal conductivity of porous alumina ceramics prepared using different types of starch (potato, wheat, corn, and rice starch) as pore-forming
gents is investigated from room temperature up to 500 ◦C. The temperature dependence measured for alumina ceramics of different porosity (in
he range 6–47%) is fitted with second-order polynomials and 1/T-type relations, and compared to available literature data for dense alumina. It is

ound that the porosity dependence of the relative thermal conductivity kr = k/k0 is well described by a modified exponential relation of the form
r = exp(−1.5φ/(1 − φ)), where φ is the porosity. This finding is in agreement with other literature data and seems to indicate a common feature of
ll porous materials with microstructures resulting from fugitive pore-forming agents.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Porous ceramics are widely used for a variety of applica-
ions, including burners, thermal barrier coatings and insulating
ayers.1,2 Apart from these specific applications, however, the
ffective thermal conductivity of ceramics (which are usually
orous to a certain extent) is of general interest, since it may
ignificantly influence other properties such as thermal shock
esistance and may exhibit certain features, in particular a poros-
ty dependence, analogous to other properties, e.g. electrical
onductivity or elastic moduli.3–7 In particular, it has been shown
ecently that the modified exponential relation proposed by Pabst
nd Gregorová for the description of the porosity dependence
f the Young’s modulus8–11 may also be used, with appropri-

te modification of the numerical coefficient, for the porosity
ependence of the thermal conductivity.12,13
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olidation casting

The use of pore-forming agents is one of the frequently used
ethods to produce porous ceramics with controlled microstruc-

ure (porosity and pore size).14–16 During heating up to the final
ring temperature of the ceramics, these pore-forming agents
re burnt out, leaving void pores in the ceramic. Among the
arious pore-forming agents, those of biological origin have
ained a prominent position, in particular starch.19–40 They are
heap, non-toxic, environmentally friendly and exhibit defect-
ree burnout between approximately 300 and 600 ◦C, with the
ore sizes achievable with commercial starch types ranging from
pproximately 5 �m (for rice starch) to approximately 50 �m
or potato starch.41 Starch can be used as a mere pore-forming
gent, e.g. as an additive in traditional slip casting (TSC) or
t may be used as a combined pore-forming and body-forming
gent (consolidating agent) in so-called starch consolidation or
tarch-consolidation casting (SCC).17,18,21–24,34,38,40

Inspite of the great practical and theoretical importance of

he thermal conductivity of porous ceramics, however, system-
tic investigations of the combined temperature and porosity
ependence of thermal conductivity seem to be very rare. In
articular, to the best of our knowledge there is no such investiga-

mailto:pabstw@vscht.cz
dx.doi.org/10.1016/j.jeurceramsoc.2008.06.018
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ion for ceramic materials produced with fugitive pore-forming
gents, i.e. for microstructures with convex pore shape (essen-
ially matrix-inclusion type microstructures). It is the purpose of
his paper to fill this gap. Although focused on alumina ceram-
cs prepared with starch, we would like to emphasize in advance
hat the results of this paper should essentially be valid for all
eramic materials prepared with pore-forming agents of con-
ex shape, as long as conduction is the dominant heat transfer
echanism.

. Theoretical

Heat transfer in porous (and cellular) media generally occurs
y three mechanisms: conduction, convection and radiation. In
any cases, however, the latter two can be neglected. Convection

as to be taken into account when the Grashof number, defined
s

r = gβ �T D3ρ2

η2 , (1)

xceeds a value of 1000, where g = 9.81 m/s2 is the gravitational
cceleration, β the volumetric thermal expansion coefficient of
he pore gas (considered to be an ideal gas, i.e. β = 1/ϑ, with

being the absolute Kelvin temperature), �T the tempera-
ure difference across one pore, D the pore size (diameter) and

and η the density and viscosity of the gas, respectively.42

nserting plausible estimates for the variables, corresponding
o air at 1 atmosphere and room temperature (i.e. ρ = 1 kg/m3,
= 2 × 10−5 Pas) the critical pore size is Lcrit = 10 mm for a

emperature difference of 10 ◦C (additionally, of course, for con-
ection to take place, the pores have to be interconnected and
pen, i.e. accessible from the surface of the body). Since the pore
ize considered in this paper is below 100 �m (of order tens of
icrometers and below), convection can clearly be ignored.
As far as radiation is concerned, its influence can be assessed

sing the Stefan–Boltzmann radiation law.43 More specifically,
adiation is negligible compared to conduction when the dimen-
ionless ratio

4γεσDϑ3

k0
(2)

s much smaller than unity (�1). In this ratio γ is a geometric
actor of order unity (2/3 for spherical pores), ε the emissiv-
ty of the pore surface material (0.38 ± 0.10 for alumina), σ the
tefan–Boltzmann radiation constant (5.67 × 10−8 W/m2 K4),
the pore size (diameter, in this work, <100 �m), ϑ the average
elvin temperature and k0 the conductivity of the solid phase.44

nserting these values one obtains at 500 ◦C a radiation contri-
ution of 2.66 × 10−3 W/mK, which is clearly negligible with
espect to the thermal conductivity of the solid phase (dense
lumina) which is approximately 12 W/mK at 500 ◦C.45
When convection and radiation are negligible, heat transfer
s governed by the constitutive equation

= −k grad T (3)

H

k
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Fourier’s law), where q is the heat flux vector, grad T the tem-
erature gradient and k the thermal conductivity. Of course, in
he case of heterogeneous (e.g. porous) materials q and grad T
ave to be considered as volumetrically averaged quantities and
has to be interpreted as an effective thermal conductivity.3,4,45

ince porous materials in general can be considered as a special
ase of composites, their effective thermal conductivity is prin-
ipally bounded by the Wiener bounds or, if the microstructure
s isotropic, by the Hashin–Shtrikman bounds.3,4,12,45 In many
ases, however, the thermal conductivity of the pore phase is
egligible compared to the thermal conductivity of the solid
hase. This is certainly the case for porous alumina ceramics,
ince the thermal conductivity of dense high-purity alumina with
grain size >1 �m is approximately 33 W/mK at room tem-

erature and approximately 12 W/mK at 500 ◦C,45 while the
hermal conductivity of air at atmospheric pressure is approx-
mately 0.025 W/mK at room temperature and approximately
.050 W/mK at 500 ◦C.46

Thus, neglecting the thermal conductivity of the gas phase,
.e. considering the pores as vacuous voids, the lower microme-
hanical bounds degenerate to zero identically and the Wiener
nd Hashin–Strikman upper bounds can be written as45

r = 1 − φ (4)

nd

r = 1 − φ

1 + (φ/2)
, (5)

espectively, where φ is the porosity (i.e. the volume fraction of
oids), and kr = k/k0 is the relative thermal conductivity, with k
enoting the effective thermal conductivity of the porous mate-
ial and k0 denoting the thermal conductivity of the solid phase.
ince the lower bounds fail altogether, it is clear that any useful
rediction of the porosity dependence of thermal conductiv-
ty has to be based on model relations. The most important

odel relations for pores of isometric shape have been critically
eviewed in a recent monograph chapter.45 As a main result,
t may be said that the popular power-law relation (differential
cheme prediction)

r = (1 − φ)3/2 (6)

s rather close to the Hashin–Shtrikman upper bound, while the
elf-consistent scheme prediction (going back to Landauer47 and
ruggeman48) reduces to the linear relation

r = 1 − 3

2
φ (7)

also called non-interaction approximation or dilute limit
pproximation) and predicts a finite (but spurious) percola-
ion threshold in this case (viz. pores with zero conductivity).
he only predictive non-linear relation which does not violate
hysical principles (in particular, does not exceed the upper

ashin–Shtrikman bound), is the modified exponential relation

r = exp

(−(3/2)φ

1 − φ

)
, (8)
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hich has been originally proposed (with the appropriate coef-
cient 2 instead of 3/2) to describe the porosity dependence of

he Young’s modulus49 and can be derived using a functional
quation approach.13,50 Recently, for the Young’s modulus, the
orm of this modified exponential relation has been attributed
o a high degree of disorder in the pore space,51 and an analo-
ous interpretation may be expected to apply in the conductivity
ase.

Apart from the dependence of the effective (or relative) ther-
al conductivity of the porous material on the microstructure

in particular, porosity), the solid conductivity k0 is a function of
emperature and grain size. From the viewpoint of theory (which
onsiders thermal conductivity to be governed by phonon scat-
ering processes52), the thermal conductivity of crystalline solids
hould decrease (the decrease being inversely proportional to the
bsolute Kelvin temperature T),

0 = A + B

T
, (9)

hile for glasses (and highly defective solids) the thermal
onductivity (which is typically much lower at room tem-
erature than for the corresponding crystalline solids) should
hange less and typically according to a linear law of the form
0 = C + DT.53,54 For ceramic materials with glassy phase bound-
ries combinations of these two relations have successfully been
sed, but in many cases purely empirical relations give better fits
o measured data.45,55,56 The grain size dependence of the ther-
al conductivity has been investigated in great detail for various

eramics in several papers.57–60 Note however, that this influ-
nce cancels out when taking conductivity ratios and is thus
f no concern when relative conductivities are considered (pro-
ided the grain size remains constant for samples of different
orosity).

. Experimental

.1. Materials and sample preparation

The materials used in this work are submicron alumina pow-
er (CT 3000 SG, Almatis, Germany) with a median particle size
f approximately 0.8 �m and a purity of approximately 99.8%
all �-Al2O3), as well as different types of starch:

Rice starch (Remy FG, Remy Industries NV, Belgium)
Corn starch (Gustin, Dr. Oetker a.s., Czech Republic)
Wheat starch (Psenicny Skrob, Amylon a.s., Czech Republic)
Potato starch (Solamyl, Natura a.s., Czech Republic)

Porous alumina ceramics have been produced by two variants
f slip casting:

Traditional slip casting (into porous plaster molds): in this
method starch is used only as a pore-forming agent and body

formation occurs by capillary suction (dewatering through the
mold wall);
Starch-consolidation casting (into non-porous brass molds):
in this method starch is used as a combined pore-forming

f
t
a
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and body forming agent—body formation occurs by starch
swelling (and gelatinization) during heating to approximately
80 ◦C which is accompanied by water absorption from the
suspension.

In both cases aqueous suspensions were prepared with
0–80 wt.% alumina, 1 wt.% deflocculant (Dolapix CE64,
schimmer & Schwarz, Germany) and starch concentrations

anging from 5 to 50 vol.% (related to alumina). Details of the
tarch granule size (distributions) and shape as well as sus-
ension preparation, casting techniques (TSC and SCC) and
esulting microstructures have been published in several papers,
o which the reader may refer.38,41,61,62 After demolding, the
ample bodies (cylinders of approximately 7 mm diameter and
0 mm length for SCC and disks with diameter approximately
5 mm for TSC) were dried for 24 h at room temperature, fol-
owed by drying at 105 ◦C to constant mass. Subsequently, the
odies were fired according to a standard schedule (heating
ate 2 ◦C/min, 2 h dwell at 1570 ◦C). Starch burnout takes place
uring the heating stage in the temperature range 300–600 ◦C.
inally, the as-fired cylindrical SCC bodies were saw-cut into
isks of approximately 2 mm thickness and both the TSC bodies
disks of approximately 13 mm diameter and 2.5 mm thickness)
nd the SCC bodies (disks of approximately 6 mm diameter and
mm thickness) were covered on one face with a thin graphite

ayer.

.2. Principle of measurement and data evaluation

The effective thermal conductivity was measured via the
hermal diffusivity using the laser-flash technique,63,64 with a
d–glass laser operating at 1.053 �m as the flash source to heat

he front face of the disk-shaped specimens (the thin graphite
ayer helps to avoid the direct propagation of laser radiation
hrough the sample). This laser delivers a standard pulse of
0 J in 450 �s. The absorbed heat diffuses through the sam-
le and the transient back-face temperature is recorded using
liquid-nitrogen-cooled IR detector (Hg–Cd–Te) connected to

n amplifier and a storage oscilloscope. All measurements (from
oom temperature to approximately 500 ◦C) were made in air.
he temperature–time data were analyzed using the Degiovanni
ethod, which takes heat losses into account.64 Finally, the

esulting thermal diffusivity values α were transformed into
hermal conductivities using the relation

= ρcPα, (10)

here ρ is the bulk density of the sample (in our work deter-
ined by the Archimedes method) and cP is the specific heat, for
hich several empirical approximation formulae are available,

he simplest of which is
P

or alumina,45 where ϑ is the temperature value in ◦C. According
o this relation the cP value of alumina varies between 773 J/kg K
t room temperature and 1157 J/kg K at 500 ◦C.
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Fig. 1. Porosity dependence of the relative thermal conductivity of alumina
ceramics prepared by starch-consolidation casting (empty symbols) and tradi-
tional slip casting (full symbols), compared to the HS upper bound (top curve),
t
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Fig. 2. Porosity dependence of the relative thermal conductivity of porous
ceramics prepared by starch-consolidation casting (full squares zirconia; full
circles, alumina; full triangles, alumina–zirconia composites) and other shaping
techniques with bioorganic pore-forming agents (empty triangles, kaolinite-
based refractories; empty circles, mullite materials), compared to the HS upper
bound (top curve), the power-law relation (middle curve), and the modified
exponential relation (bottom curve); literature data.13,45,65,67

Fig. 3. Temperature dependence of the thermal conductivity of porous alumina
ceramics prepared by traditional slip casting (data for ceramics with different
porosity and pore size, i.e. starch types/squares, corn; three dotted curves, rice;
circles, potato; triangles, wheat; fitted with second-order polynomials), com-
pared to the fit curve for alumina ceramics based on literature data (thick full
curve).

Fig. 4. Temperature dependence of the thermal conductivity of porous alumina
he power-law relation (middle curve), and the modified exponential relation
bottom curve); experimental data measured in this work.

. Results and discussion

Fig. 1 shows the relative thermal conductivity kr = k/k0 of
orous alumina ceramics at room temperature in dependence of
he porosity. The relative conductivity values have been obtained
y dividing the measured effective thermal conductivity k by
0 = 33 W/mK, which is a reasonable value for the thermal con-
uctivity at room temperature of pure dense alumina ceramics.45

ote that for the relative thermal conductivity the grain size
ependence of thermal conductivity57–60 is irrelevant, since it is
ancelled out by taking the conductivity ratio.

It is evident that all measured data are below the upper
ashin–Shtrikman bound (top curve), as required for materi-

ls isotropic microstructures in general, and also significantly
elow the power-law prediction (middle curve). In fact the mod-
fied exponential relation (Eq. (8)) seems to provide the best
rediction of the measured porosity dependence. This finding
onfirms earlier results with another, high-purity, submicron
lumina type (AA04, Sumitomo, Japan),13 as well as zirconia
TZ-3YE, Tosoh, Japan),13 alumina–zirconia composites with
0 wt.% alumina (TZ-3Y20A, Tosoh, Japan),45 kaolinite-based
efractories65 and porous mullite materials,31 all prepared with
ugitive biogenic pore-forming agents (see Fig. 2).

With respect to the estimated error of measurement (approxi-
ately 5%), no pore size dependence could be detected, although

he pore sizes investigated in the present work extend about
pproximately one order of magnitude (median values approxi-
ately 5 �m resulting from rice starch and approximately 50 �m

esulting from potato starch).41

Figs. 3 and 4 show the measured temperature dependence of
he thermal conductivity of porous alumina ceramics prepared
y traditional slip casting with different starch types from room
emperature to approximately 500 ◦C. The thick full curve in
hese two graphs is based on literature data (including recent
nes) concerning dense alumina ceramics (with a porosity below

%) and can be expressed by the empirical relation45

0 = 3645(ϑ + 194)−0.874, (12)

ceramics prepared by traditional slip casting; data for ceramics with differ-
ent porosity and pore size, i.e. starch types/squares, corn; three dotted curves,
rice; circles, potato; triangles, wheat; fitted with the relation kr = A + B/(ϑ + 273),
compared to the fit curve for alumina ceramics based on literature data.
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Table 2
Fit parameters A and B of the temperature dependence of thermal conductivity
(with correlation coefficient R), according to the inverse-temperature fit relation
(Eq. (15))

Sample label Porosity (%) A B R

C 5 6.0 2.25 8383 0.986
R 5 7.2 2.54 7613 0.988
P 5 8.1 1.91 7767 0.984
W 10 14.5 1.88 6813 0.987
R 20 19.9 2.82 5829 0.985
R 40 36.6 0.50 3287 0.981
C 40 36.7 −0.64 4049 0.994
P
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dence experimentally measured in this paper, arbitrarily good
agreement could be achieved). This confirms that the modified
exponential relation, Eq. (8), provides a useful prediction for
Z. Živcová et al. / Journal of the Euro

here ϑ is the temperature value in ◦C. It is in very close agree-
ent with the empirical temperature dependence interpolation

ormula proposed for dense alumina by Munro,55 which is

0 = 5.85 + 15360 exp(−0.002ϑ)

ϑ + 516
, (13)

here ϑ is also the temperature value in ◦C and the estimated
rror is ±6%. Although our measured values exhibit a reason-
ble and consistent trend with porosity (highest for porosities of
–8%, intermediate for approximately 15–20% and lowest for
7–47%), it is obvious that in the temperature range between 100
nd 400 ◦C our values are slightly higher than expected and our
verall temperature dependence is slightly less curved than the
ependences corresponding to Eqs. (12) and (13). The definite
eason for these differences is not clear (a small content of glassy
rain boundary phase might explain the decreased curvature, but
ot the higher absolute values; moreover, the occurrence of a
ignificant glassy grain boundary phase can be excluded with
espect to the purity of the alumina powder used), and since we
annot find any error in our approach the data obtained may
tand as they are (note that the interpolation formula in Munro’s
eview, Eq. (13), is based on a relatively weak data base of only
hree papers, two of them published before 1966, while our fit,
q. (12), additionally includes only a few values more, some

rom a classic Kingery paper,66 and some from a more recent
aper by Nieto et al.67).

In order to obtain the values at exactly 100, 300 and 500 ◦C
he measured data had to be interpolated using appropriate fit
elations (dashed or dotted curves in Figs. 3 and 4). In Fig. 3
tting has been performed using the second-order polynomial

= a + bϑ + cϑ2, (14)

hile in Fig. 4 the data have been fitted via the inverse-absolute-
emperature relation54,56

= A + B

(ϑ + 273)
. (15)

The resulting values of the fit parameters are listed in

ables 1 and 2, together with the corresponding correlation
oefficients. It is evident that the temperature dependence of
he thermal conductivity can be fitted by the inverse-absolute-
emperature relation (correlation coefficient > 0.98), as expected

able 1
it parameters a, b, c of the temperature dependence of thermal conductiv-

ty (with correlation coefficient R), according to the empirical second-order
olynomial fit relation (Eq. (14))

ample label Porosity (%) a b c R

5 6.0 30.7 −0.0542 3.34 × 10−5 0.9998
5 7.2 28.6 −0.0533 3.83 × 10−5 0.999
5 8.1 28.2 −0.0484 2.65 × 10−5 0.9997
10 14.5 25.0 −0.0446 2.83 × 10−5 0.9996

20 19.9 22.6 −0.0368 2.11 × 10−5 0.999
40 36.6 12.2 −0.0298 3.06 × 10−5 0.990
40 36.7 13.8 −0.0375 3.96 × 10−5 0.998
40 41.8 11.8 −0.0225 1.51 × 10−5 0.9997
50 46.5 8.7 −0.0213 2.02 × 10−5 0.998

F
p
t
T

40 41.8 0.40 3360 0.988
50 46.5 −0.24 2546 0.993

rom theory for crystalline materials.52,54 However, the second-
rder polynomial fit, although only empirical, represents a closer
t (correlation coefficient > 0.99) (see Figs. 3 and 4), obviously
ue to the presence of an additional fit parameter. It has to
e noted, of course, that the second-order polynomial cannot
e used beyond the range of measured values, because it may
esult in numerical artifacts such as negative conductivities for
igher temperatures (in contrast to Eq. (15), which may – with
ue caution – be used for higher temperatures and extrapolation
urposes).

Figs. 5 and 6 show the data obtained by interpolation with
qs. (14) and (15), respectively, compared to the porosity depen-
ence predicted by the modified exponential relation, Eq. (8),
sing the temperature dependence of k0 based on independent
iterature data, Eq. (12). We emphasize that these curves (for
oom temperature, 100, 300 and 500 ◦C, respectively, from top to
ottom) represent parameter-free predictions, constructed com-
letely independently from the experimental results of this paper
i.e. without prior knowledge of the measured data). Therefore
he agreement with the measured data has to be considered as

ore than satisfactory (note that, using the temperature depen-
ig. 5. Porosity dependence of the thermal conductivity of alumina ceramics
repared by traditional slip casting at different temperatures (from top to bot-
om: 20, 100, 300, 500 ◦C); values interpolated from Fig. 3 (using Eq. (14) and
able 1).
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Fig. 6. Porosity dependence of the thermal conductivity of alumina ceramics
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repared by traditional slip casting at different temperatures (from top to bot-
om: 20, 100, 300, 500 ◦C); values interpolated from Fig. 4 (using Eq. (15) and
able 2).

he effective thermal conductivity not only at room temperature
ut also at higher temperature, as long as radiation effects are
nsignificant.

. Conclusion

The thermal conductivity of porous alumina ceramics pre-
ared using different types of starch (potato, wheat, corn, and
ice starch) as pore-forming agents has been investigated from
oom temperature up to 500 ◦C. The temperature dependence
easured for alumina ceramics of different porosity (6–47%)

s fitted with second-order polynomials and 1/T-type relations
nd compared to available literature data for dense alumina. To
ur knowledge, these are the first systematic measurements of
he combined temperature and porosity dependence of porous
lumina ceramics prepared using pore-forming agents. The
/T dependence has been roughly confirmed for all porosities,
lthough second-order polynomials were shown to give bet-
er fits (correlation coefficients >0.99 versus 0.98–0.99 for the
/T fits). The most important result of this paper, however, is
he finding that the porosity dependence of the relative thermal
onductivity kr = k/k0 is well described by a modified exponen-
ial relation of the form kr = exp(−1.5φ/(1 − φ)), where φ is the
orosity. This finding is in agreement with other literature data
nd seems to indicate a common feature of all porous materi-
ls with microstructures resulting from fugitive pore-forming
gents, which leave essentially convex pores after burnout and
ring. The porosity dependence predicted with the modified
xponential relation is in very good agreement with the measured
alues at room temperature, and even for elevated temperatures
up to 500 ◦C) this parameter-free prediction yields a satisfac-
ory a priori estimate of the measured values, especially for high
orosities. Within the pore size range studied here (median pore
izes in the range 5–50 �m, i.e. order of magnitude approxi-

ately 1–100 �m) no pore size dependence could be observed.
owever, a pore-size dependence must be expected beyond this

ize range, in particular at higher temperatures (where radiation
ay become significant) and porosities (when the degree of open

orosity permits convective heat transfer).

2
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erties of alumina-zirconia composite ceramics. Part 4: Tensile modulus of
porous alumina and zirconia. Ceramics-Silikáty, 2004, 48, 165–174.

1. Pabst, W., Tichá, G., Gregorová, E. and Týnová, E., Effective elastic prop-
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