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This work presents the experimental determination of the thermal and dielectric properties of conven-

tionally sintered cerium dioxide (CeO2) samples, with a porosity ranging from 3.68 up to 44.33 vol%. The

thermal conductivity, the thermal diffusivity and the heat capacity is determined using Laser Flash anal-

ysis and Differential Scanning Calorimetry. A cylindrical microwave cavity was developed to measure

dielectric properties up to 1000 ◦C. The real and imaginary parts of the relative dielectric permittivity;

ε′
r and ε′′

r the dielectric loss factor, are obtained using the cavity perturbation theory in TM012 mode

at 2.45 GHz. These parameters can be used as inputs for coupled thermo-mechano-electromagnetic

modelling of Ceria sintering.

1. Introduction

The microwaves field has a variety of applications, from
the wireless communication technologies to areas of materials
processing, such as curing of wood, cooking food, filters, temper-
ing, resonators, biomedical fields . . .. Microwaves are also used in
national security applications, such as early warning radar, Doppler
radars and the remote sensing technique for detecting the weather
changes [1–4].

Microwave processing in materials, which includes the heating
and the sintering, is quite different from the conventional one. In
conventional furnaces, the heat is transferred from the source to
the sample surface from where it then diffuses towards the sam-
ple core. The heat transfer process from the surface to the core of
the sample is generally slow and results in high energy consump-
tion [5]. Microwaves however are able to penetrate deeper inside
the sample before their electromagnetic energy is converted into
thermal energy. This heating can be rapid, “volumetric”, homo-
geneous but remains dictated by the properties of the materials.
Hence, it is essential and necessary to unravel the complex per-
mittivity and the thermal conductivity for each material to be
processed. Nowadays, microwave technology is helping to improve
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the sintering process for numerous materials [6]. Sintering based
on microwave heating is claimed to be more advantageous than
conventional sintering due to faster heating, lower sintering tem-
peratures, improved physical and mechanical properties and other
unique properties which are not observed in conventional pro-
cesses [7]. During sintering by conventional heating, the flow of
matter through grain boundaries or interfaces is required for both
densification and grain growth. However, the detailed mechanisms
involved during microwave heating remain unclear at this time
and it could be that densification by microwave heating would be
enhanced by specific sintering mechanisms such as field enhanced
diffusion.

Cerium dioxide (ceria) has outstanding properties such as opti-
cal transparency, high refractive index and high dielectric constant,
which make it suitable for various applications [8]. CeO2 belongs to
the family of fluorites [9], maintaining a cubic fluorite-type struc-
ture stable from room temperature up to its melting point (2700 ◦C)
[10].

Ceria is used in a variety of applications such as polishing agent,
UV filter (especially against skin cancer), oxygen storage material
and as catalyst. In the research on nuclear fuels, ceria is used as
non-radioactive simulant for plutonium [11], for example in the
development of SpherPac fuel.

A previous study [12] allowed the synthesis of millimetric
sphere-shaped CeO2 xerogel particles by microwave assisted inter-
nal gelation. The porous spheres obtained must be further densified
by sintering.
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This study aims at evaluating the potential of microwave
assisted densification of a cerium oxide xerogel towards a fully
dense ceria. The first step is to determine the variation of the dielec-
tric properties and the thermal conductivity of porous cerium oxide
(density 55–96%) as function of temperature and densification.
This should clarify the effect of microstructure changes by gradual
porosity resorption during sintering on the microwave absorption.

Porous ceria is taken as a heterogeneous mixture of air and solid
particles. Hence, a mixing rule is needed to express the effective
thermo-physical parameters of the mixture in terms of the volume
fraction of its components and their properties.

1.1. Effective permittivity

The effective permittivity in this case depends strongly on the
content, and can be well presented by using the Maxwell-Garnet
[13] model given in Eq. (1). It is based on the polarization induced
by an external electric field in a medium where spherical inclusions
were dispersed.

εeff − εs

εeff + 2εs
= p

εi − εs

εi + 2εs
(1)

This relationship can be rearranged:

εeff = εs
1 + 2�

1 − �
(2)

With � = p
εi−εs

εi+2εs
where εs is the permittivity of the solid par-

ticles (cerium dioxide), εi is the permittivity of the spherical
inclusions (air), εeff is the effective permittivity of the medium and
p is the volume fraction of the spherical inclusions. In our case,
the medium was ceria and inclusions were considered as air gas.
Because the permittivity has a complex form with a real and imag-
inary parts (ε = ε′ − i · ε′′) both values are considered evolving as Eq.
(2). This is the simplest model and we should keep in mind that
it overlooks the effect of the size of the pores and the size of the
particles.

1.2. Effective thermal conductivity

For the composite materials or the materials which have many
phases, the thermal conductivity depends widely on the volume
fraction, the type of the phases, the geometry of the pores, their
distribution and the influence of the grain boundaries [14].

Here, we present some models which were found to correlate
well the thermal conductivity of such porous ceramics materials.

Francl et al. [15] suggested the following equation (Eq. (3)) for
ceramics materials having isometric and anisometric pores ran-
domly arranged:

�

�0
= 1 − p (3)

where � and �0 are, respectively, the thermal conductivity of a
porous ceramic materials and the full dense ceramic material and
p is the volume pore fraction.

On the basis of the Odelevskii equations, Aivazov and Domash-
nev [16] obtained the following Eq. (4) to represent the thermal
conductivity of porous titanium nitride. In this case, they suggest
a factor m to represent the pore distribution and the pore shape in
the specimens.

�

�0
=

1 − p

1 + m · p
(4)

where m is a linear function of porosity (Eq. (5)) for m ≥ 0.

m = a · p (5)

After substituting into Eq. (4), it results the following equation:

�

�0
=

1 − p

1 + a · p2
(6)

where a ≥ 0, this value was found equal to 6 for titanium nitride,
and 10 for polycrystalline graphite [17].

Maxwell considered a matrix of materials made of spheres
which are enough small that do not interact thermally with the
continuous solid phase [18]. Therefore, he proposed for low volume
fraction of porosity p:

�

�0
= 1 +

3 · p
(

�1 + 2 · �0/�1 − �0

)

− p
(7)

where �1 is the thermal conductivity of the inclusions, in our case
we take the value 0 for the air. Therefore, Eq. (7) can be transformed
in the following equation:

�

�0
= 1 −

3 · p

2 + p
(8)

Moreover, Rayleigh suggested a model for large volume fraction
where the interaction between the spheres is small and the position
of it is at the intersections of a cubic lattice [19].

After substituting the value of the air thermal conductivity
directly we obtain

�

�0
= 1 −

3 · p

2 + p − 0.39225p10/3 + · · ·
(9)

As the interaction of the spheres is usually neglected, the model
of Maxwell is still better and simpler.

However, for non-spherical inclusions, Maxwell’s equation was
modified in order to show the contribution of the thermal conduc-
tivity tensor. In case of long cylinder porosity parallel to z-axis, this
tensor is composed by three components, the one which is parallel
to z-axis is given by Eq. (3) and the other two components for x-
and y-axis, supposed equals, are given by the following equation:

�xx

�0
=

�yy

�0
= 1 −

2.p

1 + p +
(

0.30584.p4 + 0.013363.p8 + . . .
) (10)

Also, for complex inclusions, in case of unconsolidated granular
beds, Eq. (11) allows a good relationship between conductivity and
porosity [20,21]:

�

�0
=

(1 − p)

1 + (˛ − 1) .p
(11)

in which ˛ includes a shape factors.

˛ =
1

3

3
∑

i=1

[1 − gi]
−1 (12)

The shape factors gi satisfy the relation g1 + g2 + g3 = 1 and are
equal to 1/3 for spheres. Then, in our case ˛ = 1.5 for spherical inclu-
sions and the equation is simplified to Eq. (8). These several models
show the variety of interaction possible between the porosity and
the thermal conductivity: pore content and pore shape seem to be
the most important parameters.

2. Materials and methods

2.1. Preparation of ceria pellets

A commercial powder of cerium dioxide (CER (IV)-OXID 99.9%,
Aldrich,), with a particle size less than 5 �m, and with theoretical
density 7.13 g/cm3 was used. Pellets were pressed uniaxially in a
tungsten carbide die with 12 mm diameter with different values
of pressure (Table 1). The height of the green samples was fixed to
2 mm for thermal analysis and 18 mm for dielectric measurements.
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Table 1

Series of samples with their forming conditions and final densities.

Serial number Pressure

(MPa)

Sintering

temperature (◦C)

Dwell time (h) Density (%) of samples for

the measurement of

thermal properties

Density (%) of samples for

the measurement of the

dielectric properties

Standard

deviation (%)

1 (4 samples) 30 1050 4 55.67 56.59 0.48

2 (4 samples) 50 1250 0 59.29 62.40 1.46

3 (4 samples) 50 1400 0 65.50 66.87 0.67

4 (3 samples) 50 1500 0 73.63 – 1.75

5 (4 samples) 50 1500 1 – 87.42 2.48

6 (5 samples) 50 1500 3 89.92 90.27 2.25

7 (4 samples) 300 1600 3 96.32 95.48 0.41

The pellets were heated in air at 5 ◦C/min up to sintering temper-
ature (1050, 1250, 1500 and 1600 ◦C) which were maintained for
various dwell time (0, 1, 3 and 4 h) in order to cover a porosity range
from 3.68 up to 44.33 vol%. For each series three to five samples
were prepared (see Table 1), only one of them was used for ther-
mal properties measurement. The porosity was determined using
Archimedes’ method.

Microstructure of four specimens were observed by SEM (JSM-
6400) after cutting samples according perpendicular and parallel
planes to the pressure axis and several polishing steps up to a final
one of 1 �m were made.

2.2. Thermal conductivity measurement

The thermal conductivity � was determined indirectly by mea-
suring the thermal diffusivity � in argon using the Laser Flash
Analysis (LFA 457 Microflash, Netzsch, Germany) [22], and the spe-
cific heat cp, by using a Differential Scanning Analysis (DSC 404C,
Netzsch, Germany). Then, the thermal conductivity � was calcu-
lated using the following equation:

� = ˛ � cp (13)

where � is the density (kg/m3); cp is the specific heat capacity
(J/kg/K); ˛ is the thermal diffusivity (m2/s).

The thermal diffusivity was determined from five measure-
ments at each temperature for each sample. The diffusivity was
measured under argon flow (50 ml/min) from room temperature
up to 1000 ◦C (100 ◦C by step). Using a low amount of Ceria powder
(187.3 mg) the heat capacity was determined in the same gas flow
condition as in LFA, with 15 ◦C/min heating rate. The uncertainty of
DSC method is less than 1% [23].

2.3. Dielectric properties measurement

The samples were placed in a quartz crucible (9.7 mm
diamin × 12 mm diamout × 60 mm long) and inserted in a quartz
tube (13 mm diamin × 15 mm diamout × 600 mm long) (Fig. 1). The
quartz tube was introduced in a vertical cylindrical conventional
furnace (Superthal Mini, MS 26, Kanthal, Sweden) and the sample
was heated in 50 ◦C steps. A waiting time of 10 min at each tem-
perature step was imposed before the sample was moved into the
resonant microwave cavity.

The microwave resonator was a water cooled vertical cylindri-
cal aluminum cavity (42.5 mm radiusin × 17 mm height) with two
openings diamin 17 mm to let the quartz tube through along the
axis. The complex scattering parameters were determined from the
measurement of the reflection coefficient (S11) using a Vector Net-
work Analyzer (VNA, 8720D Agilent/HP, Calibration is carried out
before the measurement [24]). The shift of the resonant frequency
and the change in quality factor were extracted from the measured
S-parameters based on a method proposed by Kajfez [25]. The cav-
ity perturbation theory associated to the mode TM012 was used
to determine the dielectric constant εr and the loss factor ε′′

r . The

mathematical model of the calculation is given in the following
equations [26]:

f0 − fs
f0

=
(

ε′
r − 1

)

· A · B · G ·
Vs

Vc
(14)

1

Qs
−

1

Q0
= 2ε′′

r · A · B · G ·
Vs

Vc
(15)

where f0, fs, Q0, Qs are, respectively, the resonance frequency and
the quality factor of the TM012 mode of the cavity without and
with sample. The A, B and G coefficients depend on the cylindrical
Bessel functions and the dimensions of the cavity and the sample
[27].(16)A = J2

0

(

2.405 Rs
Rc

)

+ J2
1

(

2.405 Rs
Rc

)

B = 1 +

[

L

2�.Hs

]

· sin

(

2� · Hs

L
· cos

(

4� · Hc

Hs
(17)

And

G = (0.2178).

(

c0

f0.Rc
(18)

where Hc, Rc, Vc, Hs, Rs, Vs are, respectively, the length, the radius
and the volume of the cavity without and with the sample. L is the
length of coupling which is 3 mm in our case. Q0 of the cavity varies
between 1400 and 1500 depending on the initial conditions of the
measurement (the initial temperature of the cavity and the cali-
bration of the VNA). The temperature of the furnace was measured
using a thermocouple (Fig. 1).

Finally, the dielectric loss tangent is given by the following equa-
tion:

tan ı =
ε′′

r

ε′
r

(19)

The measurement error using the swept-frequency method is
less than ±5% for ε′

r and ±15% for ε′′
r [25]. This measurement accu-

racy is limited by the existence of convection phenomena of air at
high temperature during the measurement stage.

3. Results

3.1. Microstructure for porous and dense materials

The characterization was made on the cross section parallel to
applied pressure axis and on the surface which is perpendicular
to it. The results for both kinds of planes were similar: No differ-
ences of pore fraction and pore shape were identified. In Fig. 2, four
examples of microstructures observed for sintered samples only for
perpendicular surfaces to the pressing axis are shown.

After heat treatment at 1250 ◦C (Fig. 2a) very low shrinkage was
observed after sintering, and porosity (59.29%td) has an irregular
shape, while homogenously distributed and interconnected. For a
higher densification (1500 ◦C; 73.63%td), porosity remains inter-
connected; while its contours are smoothed (Fig. 2b). For higher
densification (82.63%td), it appears some non-homogenous den-
sification, indeed some zones appear denser with closed porosity
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Fig. 1. Schematic shows the developed system for the dielectric measurement.

Fig. 2. SEM micrographs showing four samples: (a) 59.29%, (b) 73.63%, (c) 82.63%, (d) 89.92%.

surrounded by zones with higher porosity ratio but in which poros-
ity stays open (Fig. 2c). And finally, close to the theoretical density
(1500 ◦C; 89.92%td), pores close and adopt a spherical shape, cor-
responding to the final stage of sintering (Fig. 2d). In conclusion,
the pore content decreased during the sintering process and their
“elliptical” shape disappeared progressively at high density where
it became closed with a spherical shape.

3.2. Thermal properties

The change in heat capacity versus temperature is shown in
Fig. 3: up to 500 ◦C the heat capacity increases with temperature
and remains constant above this temperature. This is in good agree-
ment with the literature [28] and this evolution can be modelled
by a polynomial fit given by the following equation:

cp = 0.3062 + 6.69 ∗ 10−4
∗ T − 1.34 ∗ 10−6

∗ T2
+ 1.15 ∗ 10−9

∗ T3

− 3.56 ∗ 10−13
∗ T4 (20)

This polynomial function has a similar behaviour as expected
for ceramic oxide materials [24].

The thermal diffusivity of six kinds of samples from 55.67 to
96.32%td are shown in Fig. 4a. Diffusivity decreases logarithmically
with temperature and increases with relative density, moreover
it increases linearly to the reverse of temperature as theoretically
expected (Fig. 4b).

The temperature and porosity dependence of the thermal con-
ductivity up to 1000 ◦C is shown in Fig. 5. For high porosity content
it decreases slowly with temperature and faster for low porosity
content. Clearly the thermal conductivity increases with increasing
density and decreases with increasing temperature: for example
the thermal conductivity decreases from 13 to 3 W/m K for the
densest sample (96.32%td) from room temperature up to 1000 ◦C,
as described in the literature [28].

For all samples at room temperature, the thermal conductivity
as function of fractional porosity has been fitted to a polynomial
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Fig. 3. Heat capacity for the CeO2 powder in argon.

function (Eq. (21)). The thermal conductivity at full density �0 can
be determined from this function. It gives for a full dense sample
(p = 0) �0 equal to 15.15 W/m K.

� = −160.643p3
+ 45.354p2

− 7.437p + 15.157 (21)

with p as the fractional porosity.
The same methodology was used for determining �0 at 500 and

1000 ◦C. The obtained values are respectively: 6.05 and 2.70 W/m K.

3.3. Dielectric properties

The real and imaginary parts of the dielectric properties are
reported in Fig. 6(a and b) in 3D plot in order to show the effect
of temperature and porosity on these parameters.

It shows the dielectric properties (real (a) and imaginary (b)
parts) from room temperature up to 1000 ◦C versus the fractional
porosity for all prepared samples (from 55.6% to 95.5%td). The rel-
ative dielectric constant varies linearly with temperature and is
higher for the denser specimens (Fig. 6a). On the other side, the
loss factor (or imaginary part of permittivity) does not change
significantly below 700 ◦C, but it becomes very high when the tem-
perature increases (Fig. 6b). Moreover, it becomes higher, when the
density was close to the sample which presents high porosity ratio.

The ε′

eff
increases slowly with temperature and inversely pro-

portional and quickly with porosity (Fig. 6a), ε′′

eff
depends much

more on the temperature, especially at high temperature from
750–800 ◦C (Fig. 6b).

As for thermal conductivity, for all samples at room tempera-
ture, the dielectric permittivity (ε′) as function of fractional porosity
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Fig. 5. Variation of the thermal conductivity versus the fractional porosity and tem-

perature.

has been modelized using a polynomial function (Eq. (22)). Its value
for full dense sample can be determined from this function. It gives
for a full dense sample (p = 0) ε′

d
equal to 19.55:

ε′
= −160.643p3

+ 45.354p2
− 7.437p + 19.55 (22)

with p as the fractional porosity.

4. Discussion

4.1. Effect of the porosity on the thermal conductivity

As we have seen in the results before concerning the ther-
mal conductivity, the contribution of the porosity seems to be
more important than the temperature, globally during the heat-
ing processing. In fact, for the ceria powder used in this study,
sintering starts above 1000 ◦C, Fig. 5 shows that the thermal con-
ductivity decreases strongly up to low values before the beginning
of densification and slightly increases as the sample densifies.

A comparison with Aivazov and Domashnev’s model (Eq. (6))
which is well known for low range of porosities, using different
values of a parameter at room temperature, are presented in Fig. 7.
Here, the experimental data and the theoretical models of the rela-
tive thermal conductivity �/�0 for different values of a (0, 1, 10, 15)
are presented. According to the model, for lower values of porosity

Fig. 4. Variation of the thermal diffusivity (a) versus the temperature and (b) inverse of temperature for 6 different samples (different densities).
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Fig. 6. Variation of the relative dielectric properties (a) real and (b) imaginary parts versus the fractional porosity and the temperature.

Fig. 7. Variation of the relative thermal conductivity �/�0 versus the fractional

porosity at room temperature from our experiments (black) compared with dif-

ferent models from [15–21].

(less than 0.27), when a parameter increases the model moves from
linear variation with very low slope to high slope for high values of
a parameter.

Comparing the several models, it appears that the Maxwell’s
model for spherical inclusions for small volume fraction p and the
one for complex inclusions in case of unconsolidated granular beds
(with ˛ ———— 1·5) are equivalent (Fig. 7)· The last both models are
very close to Rayleigh’s model. Comparing with experiments, the
nonspherical-z component (or the linear model a = 0) is more suit-
able at low porosity values less than 0.27. Beyond this value the
relative thermal conductivity decreases more rapidly than the var-
ious models (Maxwell, Rayleigh, anisotropic components and for
high values of a parameter).

At room temperature and high densification (greater than
73%td) the pores appeared with spherical and elliptical shape and
the experimental results are closed to the linear model which
concerns the porous materials having spherical shape of pores.
However, for lower densification the larger pore size and tortuosity
depart from the linear model.

Moreover, for high temperature the results at 500 ◦C and 1000 ◦C
(Fig. 8) show a similar behaviour as at room temperature for all
domains of porosity. Comparing to the 2 models presented in Fig. 8,
the relative thermal conductivity fits well with the nonspherical x–y

model at low values of porosities less than 0.27.
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Fig. 8. Variation of the relative thermal conductivity �/�0 versus the fractional

porosity at room temperature (black) 500 ◦C (cyan) and 1000 ◦C (red) compared

with two models. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

4.2. Effect of the porosity on the dielectric properties

Because the real part of the dielectric permittivity is more
dependent on the porosity than the temperature, we present in
Fig. 9 the comparison of the experimental data at room tempera-
ture with Maxwell-Garnet model (Eq. (2)). The values of ε′ decrease
linearly from 18.24 to 10.5 while the porosity increases from 4.5 up
to 43.5 vol%.

In Fig. 9, the upper curve represents the model using 23 as value
for the full dense dielectric constant extracted from the literature
[29]. And the lowest curve represents the same model using the
extrapolated value of ε′ at full densification from our experiments
19.55. Therefore, the results are in relative good agreement with
model for the full range of porosity.

On the contrary of the thermal conductivity results, the real
part of permittivity is not modified by the microstructure evolution
observed during the sintering process and especially the change of
the shape.

The temperature dependence of the loss factor can be explained
by the effect of the ionic conduction of oxygen at elevated tem-
perature. It is known that ceria can modify its stoichiometric
composition by reduction the Ce4+ to Ce3+ accommodating about
14% of oxygen vacancies at 800 ◦C [30]. The literature shows that
the ionic conductivity of ceria has a different behaviour at high
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temperature at around 750 ◦C and this change can explain the big
increase (Fig. 6b) of the loss factor at this temperature [31].

5. Conclusion and future works

During the conventional sintering of ceria powder materials, we
showed that the microstructure evolved especially the size and the
shape and tortuosity of the pores. As a result, the thermal con-
ductivity depends on the porosity and temperature but more on
porosity. Moreover, the ratio �/�0 was also affected by the tortuos-
ity of the pores and especially for high fractional porosity (greater
than 0.27).

The dielectric properties have been studied up to 1000 ◦C, the
results showed that the loss factor (ε′′) depends on the tempera-
ture and is strongly affected in porous sample, while the dielectric
constant (ε′) was more affected by the porosity content than the
temperature. Moreover, the pore shapes have no influence on ε′

and our results are in good agreement with Maxwell-Garnet model.
In order to enrich both models (Aivazov and Domashnev and

Maxwell-Garnett); it will be interesting to take into account not
only the pores content but also their shape and tortuosity. For
microwave assisted sintering of cerium oxide, heating (which is
related to ε′′) is independent of the densification excepted for the
initial state (the most porous state) of the process. Microwave heat-
ing above 750 ◦C, is possible due to the ionic conduction of ceria,
but below this temperature a hybrid heating which combines the
conventional and microwave heating is required.
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