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A B S T R A C T

This work presents an easy applicable method for estimating thermal conductivity of oxide ceramic samples in
a high-temperature SOFC/SOEC system. An experimental investigation establishes a thermal conductivity map
for various oxide ceramics in the temperature range of 700 - 900 ◦C. Material specific properties are determined
using laser flash analysis, displacement measurement for density and differential scanning calorimetry for heat
capacity. The total thermal conductivity, incorporating conduction and radiation, is assumed based on a linear
relationship with temperature gradient. Deviations in measurements are attributed to increasing radiation
effects. The method provides a rough estimation of thermal conductivity, with 8YSZ exhibiting good agreement
with literature values and 10Sc1CeSZ showing a range of 2.3 (+0.32/-0.48) - 2.8 (+0.96/-1) W/mK.
1. Introduction

A reliable quantitative description of the heat, mass and charge
transport mechanisms occurring in solid oxide fuel cells (SOFC) is
relevant for cell development and the optimisation of operating strate-
gies. The performance and lifetime of a SOFC are determined by large
temporal and spatial temperature gradients. Zeng et al. show that
excessive temperature gradients in SOFCs can lead to delamination
and cracks in the electrolyte and electrode materials [1]. Two types
of heat generation are important. ‘‘Reversible’’ heat is due to the
reaction entropies which have to be supplied or removed at the cathode
and the anode, while irreversible heat is caused by dissipated energy.
Dissipated energy is caused by ohmic resistances and overvoltages at
the electrodes. In contrast, the electrochemical reaction at the three-
phase interface leads to a thermoelectric effect in which reversible heat
is released or absorbed at each electrode. Using the non-equilibrium
thermodynamics (NET) approach, it is shown in a 1D model for a SOFC
single cell with an 8YSZ electrolyte that a heat flux flows towards the
temperature maximum near the cathode reaction layer, thus highlight-
ing the importance of the Peltier effect [2]. The following NET-equation
applies to the heat flow 𝐽 e

q in the electrolyte (e) [2]:

𝐽 e
q = −𝜆e ⋅ d𝑇

d𝑦
+ 𝜋e ⋅ 𝑗, (1)

where 𝜆e is the thermal conductivity, 𝜋e is the Peltier coefficient of the
electrolyte and 𝑗 is the current density. As electrochemical reactions
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and the properties of the electrolyte, such as the ionic conductivity,
are temperature-dependent, the knowledge of the thermal conductivity
of the electrolyte is of great importance for a detailed analysis of
the transport mechanisms and the resulting temperature distribution,
cf. Eq. (1). Due to their lower thermal conductivity, oxide ceramic
materials are also being investigated for their applications as thermal
barrier coatings.

In the literature, yttria-stabilised zirconia (YSZ) and gadolinium-
doped ceria (GDC) are described as the most commonly used elec-
trolytes in electrochemical solid oxide applications. By adding aliova-
lent oxides, the cubic phase of zirconium oxide can be stabilised from
room temperature to the melting point. Usually, calcium oxide (CaO),
yttria (Y2O3), magnesia (MgO) and scandia (Sc2O3) are used for this
purpose. The more similar the ionic radii of the substitution ions and
the zirconium ion are, the higher is the ionic conductivity [3]. For YSZ
in particular, a distinction is made between fully stabilised (FSZ, 8–
12 mol% ) and partially stabilised (PSZ, 3–5 mol% ) zirconium oxide,
with 8YSZ being the most widely used electrolyte for SOFCs. While
PSZ has a higher mechanical load capacity, the ionic conductivity is
reduced at the same time due to the lack of oxygen gaps. So raising
the concentration of the dopant will raise the concentration of oxygen
gaps. However, above a certain doping concentration, the gaps formed
interact with each other and form associated centres, which in turn
impair the mobility of the ions [4]. Accordingly, there are some studies
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on a combination of PSZ and FSZ to combine mechanical stability and
ionic conduction [5].

At lower temperatures (600–700 ◦C), Sc2O3 is used to stabilise the
cubic phase, as this compound has a very high ionic conductivity. By
additional doping with ceria (CeO2), a phase transformation below
650 ◦C can be prevented. From these findings, a combination of 10
mol% Sc2O3, which is necessary to stabilise the cubic phase, with a
simultaneous maximum in the ionic conductivity [3] and 1 mol% CeO2
is considered to be promising [5].

Numerous experimental studies on the electrical properties of YSZ
and ScSZ can be found in the literature, whereas comparatively few
experimental studies on 10Sc1CeSZ are available [6–11]. Specifically
for the thermal conductivity of YSZ and ScSZ, the work of Schlichting
et al. [12], Mévrel et al. [13], Fèvre et al. [14] and Sun et al. [15]
should be highlighted. The ionic conductivity of 10Sc1CeSZ is still a
current research topic [16–21], whereas only one study exists concern-
ing the determination of thermal conductivity [22]. Their measurement
is only carried out in the temperature range from 50–300 K.

CeO2 is usually doped with other oxides of lanthanides. The most
common compound is GDC or samarium oxide (SDC), as these com-
pounds have the highest ionic conductivities [4]. Doped ceria is mainly
used at lower temperatures (550 ◦C) due to its higher ionic conduc-
tivity and lower activation energy compared to stabilised zirconium
oxide. Doped ceria is used especially for SOFCs that are operated with
methanol. It can also be used as a coating for the boundary layer
between electrolyte and electrode [3,4,23,24].

The accurate determination of the thermal conductivity of oxide
ceramics is a great challenge, especially at the high operating temper-
atures (600–1000 ◦C). The simplest measurement is made according
to Fourier’s law via the measurement of a temperature gradient d𝑇
generated by a constant heat flow �̇� through a geometry with a surface
𝐴 and thickness 𝑑:

�̇� = −𝜆 ⋅
𝐴
𝑑

⋅ d𝑇 . (2)

Cahill et al. [25] describes some problems of this method when per-
formed at temperatures deviating from room temperature and describes
the 3 𝜔-method as a promising technique for direct thermal con-
ductivity measurement, especially as this method shows immunity to
radiation errors at temperatures up to 1000 K. The most common
and probably simplest method is the indirect measurement of thermal
conductivity via the thermal diffusivity 𝑎, density 𝜌 and specific heat
capacity 𝑐 of the material according to the following equation:

𝜆 = 𝑎 ⋅ 𝜌 ⋅ 𝑐. (3)

The thermal diffusivity can be determined using the laser flash method
(LFM), the specific heat capacity using differential scanning calorimetry
(DSC) and the density using a pycnometer. For a quick estimation
method, however, both the direct method and the indirect method
prove to be laborious, time-consuming and expensive.

In the present study, therefore, an attempt is made to create a
characteristic diagram that is as generally valid as possible in the tem-
perature range of 700–900 ◦C by experimentally investigating various
well known oxide ceramic materials (Al2O3, ATi, ATZ, ZTA, Y2O3,
3YSZ). This thermal conductivity map is to be used for quick classifica-
tion of future oxide ceramic materials that have not been investigated
before. In this new methodology, the measured thermal conductivities
of known oxide ceramic samples are plotted as a function of an imposed
heat flux and their temperature difference, so that the thermal conduc-
tivity of an unknown sample can be interpolated by these dependencies
between known values. The measurements are based exclusively on
macroscopic methods. This methodology is first verified using 8YSZ,
since, as mentioned above, some studies on the thermal conductivity
of 8YSZ exist in the literature. Subsequently, the thermal conductivity
of 10Sc1CeSZ is estimated to be able to simulate the processes taking
place in the cell and the operating behaviour using the 1D NET SOFC
model.
38016
Fig. 1. Test room of the SOFC/SOEC test bench (Evaluator C1000-HT).

2. Material and methods

2.1. Test environment

For the development of a thermal conductivity map for different
oxide ceramic electrolytes, the temperature difference d𝑇 is measured
at different temperature levels (700–900 ◦C) over an oxide ceramic
sample (40 × 40 × 10 mm) and a map is developed by linking these
temperature differences with the predetermined thermal conductivities
of the reference samples. For this purpose, a SOFC/SOEC test bench
(Evaluator C1000-HT) from HORIBA FuelCon is available, which is
suitable for the investigation of individual components, cf. Fig. 1. The
central element of the test chamber is a hinged furnace in which the ac-
tual measuring chamber is located, cf. Fig. 2. A ceramic HT tube heater
from Rauschert (110 VAC/480 W) is used to apply a heat flux to the
sample. The Inconel block distributes the heat of the trace heater evenly
over the entire surface due to its high thermal conductivity. The power
of the tube heater can be controlled between 0–100% (equivalent to
30 W) and measured via a Digalox DPM72-MP+ power measurement
sensor from TDE Instruments (±1% TRMS). For the characterisation
of the measuring chamber, the absolute temperature measurement is
carried out via several type-N thermocouples. The direct measurement
of the temperature difference is carried out by connecting two type-S
thermocouples with opposite poles. These thermocouples are placed on
top and at the bottom of the sample and are calibrated with the high
temperature calibrator Pegasus 4853 from ISOTECH. The GUM and DIN
EN 60584-1 are used to determine the measurement uncertainty and
the limit deviation.

2.2. Oxide ceramic samples

For the experimental investigation, a selection of some ceramic
materials is made on the basis of a literature study in which material-
typical characteristic values are to be obtained as first reference values.
The selection is intended to cover a wide spectrum of oxide ceramics
with various thermal conductivities, so that based on this, a character-
istic diagram can be created that is as generally valid as possible. Since
some materials or material compositions are similar in their behaviour,
the number of oxide ceramics to be investigated will be reduced to 6,
see Fig. 3 and Table 1. The selected oxide ceramics are first examined
with regarding their own thermal conductivity. The thermal diffusivity
𝑎, the density 𝜌 and the heat capacity 𝑐p are being determined according
to Eq. (3) for this purpose.
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Fig. 2. Measuring chamber (1) Sample, (2) Tubular heater, (3) Inconel block with
channels, (4) Kermam base plate with recesses, (5) Housing, (6) Sealing frame.

Table 1
Selected reference oxide ceramics.

Material Structure Manufacturer 𝝆 𝝀 at AT
[g/cm3] [W/m K]

Al2O3 99.7% Al2O3 TKC –
Technische
Keramik GmbH

3.9 30

ATi Al2TiO5 ZELL
QUARZGLAS

3.35 1.4

ATZ 20 mol % Al2O3
-doped ZrO2

BCE Special
Ceramics GmbH

5.4 6

ZTA 12 mol % ZrO2
-doped Al2O3

BCE Special
Ceramics GmbH

4.1 25

Y23 Y2O3 Friatec GmbH 4.9 8–12

3YSZ 3 mol % Y2O3
-doped ZrO2

ZELL
QUARZGLAS
GmbH

6 2.5

8YSZ 8 mol % Y2O3
-doped ZrO2

CerPoTec AS N/A N/A

10Sc1CeSZ 10 mol % Sc2O3
−1 mol % CeO2
-doped ZrO2

CerPoTec AS N/A N/A

3. Calculation/theory

3.1. Thermal diffusivity

For the experimental determination of the thermal diffusivity, two
samples of the same material are coated with gold and/or graphite and
characterised via laser flash analysis. The measurement is repeated 6
times at each measuring point (temperature). Fig. 4 shows that the
thermal diffusivity of the samples generally decreases with increasing
temperatures. Analogous to the thermal conductivity known from the
literature, the ATi sample shows a different behaviour. In the temper-
ature range considered, a sigmoid behaviour is shown. This behaviour
is attributed to the self-healing of microcracks in the microstructure,
which reduces the thermal resistance at the grain boundaries and
consequently improves the conductive heat transport [27].

3.2. Density

The density is determined by volume displacement in a 10 ml
pycnometer. Therefore, the samples, the empty pycnometer, the filled
38017
pycnometer and the filled pycnometer with sample are accurately
weighed. From the mass difference of the known fluid (in this case
deionised water) at a given temperature, the volume displaced by
the sample can be determined, which is connected to the unknown
density via the mass weight. Repeated measurements show that the
manufacturer’s specifications are confirmed within a maximum error
interval of +/− 10%. However, it is noticeable that some measurements
deviate positively from the manufacturer’s specifications. Only negative
deviations can be expected, since the material can only have a lower
density than the theoretical density due to porosities or structural
defects. Due to the very simplified methodology, the results are only
used for comparison with the manufacturer’s specifications.

3.3. Heat capacity

3.3.1. Theoretical approaches
The simplest method for estimating heat capacities at 298.15 K is

the Neumann–Kopp rule established in 1865. According to Eq. (4),
the specific heat capacities 𝐶𝛩

p,i of the individual components 𝑖 of the
molecule under consideration are summed up with their respective
mass fractions 𝑥i:

𝐶𝛩
p =

𝑁
∑

𝑖=1
𝑥i ⋅ 𝐶

𝛩
p,i (4)

where 𝑁 is the total number of constituents of the molecule. The
method is also applicable to the temperature dependence of the heat
capacity 𝐶p(𝑇 ). The first empirical method for estimating heat ca-
pacities of predominantly ionic compounds was established by H.H.
Kellogg [30]. Based on experimental data of heat capacities at 298.15
K, he estimated the individual contributions of cations and anions for
molecules. Another similar method is the Mostafa et al. method, in
which the heat capacity at 298.15 K is calculated by contributions from
individual ions or functional groups in a molecule [31]. Kubaschewski
and Ünal [32] extended H.H. Kellogg’s methodology on the basis that
the heat capacity of individual ions or atoms is the same at the melting
point and formulated the following temperature-dependent equations:

𝐶p (𝑇 ) = 𝐴 + 𝐵 ⋅ 𝑇 + 𝐶
𝑇 2

(5)

with the parameters

𝐴 =
10−3 ⋅ 𝑇m [𝐶𝛩

p (298.15K) + 4.7 𝑛] − 1.25 𝑛 ⋅ 10−5(𝑇m)−2 − 9.05 𝑛

10−3 ⋅ 𝑇m − 0.298

𝐵 =
25.6 𝑛 + 4.2 𝑛 ⋅ 10−5(𝑇m)−2 − 𝐶𝛩

p (298.15K)

10−3 ⋅ 𝑇m − 0.298
𝐶 = −4.2 𝑛

(6)

with 𝑇m as the melting temperature and 𝑛 as the total number of atoms
of the molecule (for Al2O3 applies n = 5). The approach only applies to
substances with a melting temperature below 2300 K. Another estima-
tion method for determining the temperature-dependent heat capacity
of solid oxides is the Berman and Brown method, which, however, only
applies to selected binary oxides:

𝐶p = 𝑘0 +
𝑘1
𝑇 1∕2

+
𝑘2
𝑇 2

+
𝑘3
𝑇 3

. (7)

The parameters 𝑘0, 𝑘1, 𝑘2 and 𝑘3 for the oxides can be found in [33]. In
their studies, Leitner et al. [34,35] compare the different methods with
experimental data. They show that Mostafa’s method yields a mean
error of 4.27% for 92 oxides, Neumann–Kopp rule a mean error of 3.3%
for more than 74 oxides and Kellogg a mean error of 3.1% for 169 ox-
ides. Wang et al. [36] also show that Mostafa’s methodology performs
worse compared to the Neumann–Kopp rule and Kubaschewski and
Ünal method. For the compounds of the Berman and Brown method,
a mean error of 1.5% is calculated, which is within a typical error
range of a DSC measurement (1–3%). Accordingly, the methods are
well suited for making initial estimates regarding heat capacities.
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Fig. 3. Literature values for thermal conductivity 𝜆 as a function of temperature 𝑇 for various oxide ceramics (Al2O3 [26], ATi [27], ATZ [28], ZTA [28], Y2O3 [29], 3YSZ [12]).
Fig. 4. Measured temperature diffusivities 𝑎 as a function of temperature 𝑇 for the selected oxide ceramics using LFM.
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The results for heat capacities of Al2O3, ATi, ATZ, ZTA, Y2O3
nd 3YSZ are shown in Fig. 5. As the melting points of Al2O3 and
2O3 are higher than 2300 K, there are deviations in the approach
f Kubaschewski and Ünal. In the relevant range of 600–1000 ◦C the
etermined data show a uniform behaviour. Since neither the Berman
Brown method nor NIST data for Y2O3 are available, experimental

ata from the literature were used, which show deviations of up to 7%
etween them. For the further course of the analysis, the arithmetic
ean is formed from this data.

.3.2. Experimental determination
To enable a comparison of the theoretical values with real ex-

erimental data, a dynamic power compensation differential scanning
alorimetry is carried out with a DSC 7 from PerkinElmer. In a temper-
ture range of 100–550 ◦C, the heat flow into the sample is detected
t a heating rate of 20 K/min, and can then be converted into a heat
apacity by an appropriate program. The baseline is first configured and
he temperature range is calibrated by the melting points of indium,
ismuth and zinc. As described in DIN EN ISO 11357-4, a sapphire
isc (𝛼-aluminium oxide) serves as the reference material. The heat
apacities of the selected oxide ceramic samples averaged from two
easurements are plotted against temperature in 1 K increments in

ig. 6. In general, especially between 115–415 ◦C, a good agreement
etween measurement (lines) and the individual calculated quantities

◦

38018

points) is shown. In the last temperature range (415–550 C), ATi and i
2O3 show a considerable deviation. Investigations suggest that the
luminium crucible expands particularly in this temperature range and
displacement of the platinum lid occurs. This results in heat losses,
hich are reflected in increased heat absorption. Thus these values
ave to be discarded.

.4. Effective thermal conductivity

In Fig. 7 the thermal conductivity 𝜆(𝑇 ) is calculated by Eq. (3)
sing the experimental values discussed above. It can generally be seen
hat the thermal conductivity 𝜆(𝑇 ) behaves more strongly temperature-
ependent in the low temperature range and less strongly temperature
ependent in the high temperature range (>1000 ◦C). Most ceramic
aterials show a regressive behaviour of the thermal conductivity
ith increasing temperatures, as can also be observed for the thermal
iffusivity, which is due to the phonon-dominated heat transport. The
hermal conductivity of ATi increases degressively over the course
f the temperature, as was also observed in the previous studies.
aking into account all the variables investigated, it can be stated
hat the thermal diffusivity is formative for the course of the ther-
al conductivity, since density and heat capacity are approximately

onstant over the temperature. It should be noted, however, that at
igh temperatures radiation effects must be taken into account, which

mprove the effective thermal conductivity. Manara et al. states that
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adiative heat transfer becomes more important above 400 ◦C [43].
According to this, a total thermal conductivity applies [44]:

𝜆total = 𝜆solid + 𝜆rad. (8)

urther literature research shows that in the relevant infrared wave-
ength range of 1–7 μm, ceramic materials exhibit a temperature-
ependent semitransparent behaviour, and thus more detailed inves-
igations must be carried out regarding the radiation transport in
xide ceramics [43,45–49]. Manara et al. investigates the total heat
ransport through an Al2O3 and a PSZ (5.2 wt%) plate, taking into
ccount the radiation-optical properties [44]. They calculate the effec-
ive thermal conductivity and splits this according to Eq. (8) into a
hermal conductivity and radiation component. At 900 ◦C, this results
n a maximum radiation component of 15% of the effective thermal
onductivity. Because the radiation-optical properties of the materials
re different, there is a need for such investigations. However, this
roject in particular will not go into it further details for the time
38019

t

eing, we consider our thermal conductivity to be an effective one.
ccording to Fourier’s law, in the stationary one-dimensional case, heat
onduction through a solid is given by:

solid = −𝜆 ⋅ d𝑇 ∕d𝑥 = − 𝜆
𝑑
⋅ (𝑇2 − 𝑇1) with d𝑇 ∕d𝑥 = const. (9)

From this relationship, the relationship between thermal conductivity
and temperature gradient is used for the thermal conductivity map,
which is the aim of this section:

𝜆 ∼ 1
𝑇2 − 𝑇1

. (10)

.5. Experimental design

The measurements provide data in a temperature window between
00–900 ◦C in 50 K intervals. The power of the HT tube heater is varied
etween 0–100% in 25% (=̂ 7 W) intervals per measurement. In order
o avoid thermally induced mechanical stresses in the electrolyte, only
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Fig. 6. Experimentally determined heat capacity.
Fig. 7. Experimentally determined effective thermal conductivity.

low changes in heating power are used. The test matrix is shown in
able 2. From the known thermal conductivities (cf. Fig. 7) and the
easured temperature differences, a characteristic diagram is created

s explained in Section 2. Then 8YSZ and 10Sc1CeSZ are measured and
he unknown thermal conductivity is estimated with the help of the
ap. To ensure reproducibility, each sample was measured three times.

. Results and discussion

.1. Thermal conductivity map for different temperatures

The thermal conductivities of the samples are shown as a function
f the measured temperature difference and the applied heating power
or the furnace temperatures 700 ◦C and 900 ◦C in Fig. 8. Instead of
he previously expected linear relationship, an exponential relationship
etween the thermal conductivity and the temperature difference is
hown. However, it is important to note that this relationship only
pplies in this case where the total effective thermal conductivity is
onsidered. This again underlines the importance of thermal radia-
ion in heat transfer. Another factor that can influence heat transfer
xperiments is the thermal expansion of the various materials. When
he sample expands due to heat input, it may come into contact
ith some surrounding components (especially the sealing frame) and

ransfer heat to them, which can lead to a distortion of the temperature
38020
Table 2
Test matrix for the development of the thermal conductivity maps.

Parameter Electrolyte

𝜗 𝑃HTth Al2O3 ATi ATZ ZTA Y2O3 3YSZ 8YSZ 10Sc1CeSZ

700 ◦C 0%
⋮ ⋮

⋮ ⋮ ⋮

900 ◦C ⋮ ⋮
100%

difference. The thermal conductivity of a sample remains the same
within a constant oven temperature. If the power of the HT tube heater
is increased, the temperature difference increases linearly according to
Fourier’s law. The slope of the temperature difference depends on the
thermal conductivity of the material – the lower the thermal conduc-
tivity, the higher the slope. In the temperature range from 700–900 ◦C,
measurements show deviations, with higher deviations found at 900 ◦C
than at 700 ◦C. This is because radiation effects are more relevant
at higher temperatures. In addition, it can be seen that for the same
electric power of the HT tube heater, lower temperature differences
occur at higher furnace temperatures. Based on the resistance of the
HT tube heater increases with temperature, resulting in lower heating
power at higher furnace temperatures. At 700 ◦C the maximum power
of the trace heater is 30 W, while at 900 ◦C it is only 26 W.

4.2. Exemplary determination of the effective thermal conductivities 𝜆 of
8YSZ and 10Sc1CeSZ for the temperature 𝑇 = 700 ◦C

The following is an example of how the effective thermal con-
ductivities of 8YSZ and 10Sc1CeSZ were determined by use of the
interpolation map given in Fig. 8(a) for 700 ◦C. Fig. 9 shows the
course of the thermal conductivities of all samples as a function of the
measured temperature difference for each individual heating power.
The expected results show significant temperature differences for the
samples of 8YSZ and 10Sc1CeSZ, which are due to their low thermal
conductivities. As mentioned in the introduction, high ionic conductiv-
ity in oxide ceramics is associated with low thermal conductivity. As
expected, 10Sc1CeSZ is found to have a larger change in temperature
difference with increasing heating power, indicating a higher slope
of temperature difference compared to 8YSZ, which in turn indicates
lower thermal conductivity. Other possible of influence factors could be
the different optical properties of the samples and inaccuracies of the

sensors. From the deviations of the measured temperature differences,
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Fig. 8. Measured thermal conductivity map for a temperature of 700 ◦C and 900 ◦C.
the deviations of the effective thermal conductivities for 8YSZ and
10Sc1CeSZ can be determined with the help of the fitting curves.
The individual interpolated values are then compiled in a diagram, cf.
Fig. 10. Ideally, the same thermal conductivity should be determined
within a material for each heating power, and thus for each tempera-
ture difference. However, it can be seen that with increasing heating
power, the thermal conductivity of 8YSZ increases slightly, while it
decreases slightly for 10Sc1CeSZ. It is important to note that the values
were determined based on the curve of all measurements including
their measurement deviations. However, these deviations are within
the acceptable range. Therefore, an average value for each sample at
one oven temperature is determined from the determined values in
Fig. 10. This process is repeated for the oven temperature data from
750–900 ◦C.
38021
4.3. Determination of the effective thermal conductivities 𝜆 of 8YSZ and
10Sc1CeSZ for a temperature of 700–900 ◦C

The results are shown in Fig. 11. For direct comparison, the known
values from the literature are implemented as well. The thermal con-
ductivity values of 8YSZ determined in this study show good agreement
with literature values. The largest deviations occur in the values for
850 ◦C and 900 ◦C, which can be attributed to the influences of
radiation. Based on this first assessment, it can be stated that the
thermal conductivity of a sample can be well approximated by the maps
proposed in this work. The analysis of the maps show a thermal con-
ductivity of 2.3 (+0.32/−0.48)–2.8 (+0.96/−1) W/mK for 10Sc1CeSZ
in the temperature range from 700–900 ◦C. Similar to 8YSZ, there
was an outlier value at 900 ◦C, so a more realistic range of 2.2
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Fig. 9. Effective thermal conductivity 𝜆 as a function of temperature difference 𝛥𝑇 divided into the heating power �̇� for a temperature of 700 ◦C.
Fig. 10. Interpolated effective thermal conductivity 𝜆 of 8YSZ and 10Sc1CeSZ as a
function of temperature difference 𝛥𝑇 for all heating powers �̇� for a temperature of
00 ◦C.

+0.41/−0.24)–1.68 (+0.42/−0.26) W/mK was found. Based on the
reviously mentioned relationship between ionic conductivity and ther-
al conductivity, a thermal conductivity of 10Sc1CeSZ lower than
YSZ should have resulted, as expected, since the ionic conductivity
f 8YSZ is lower than that of 10Sc1CeSZ, cf. [50–52]. Furthermore, it
ust be assumed that the actual thermal conductivities are lower than
38022
the measured effective thermal conductivities, as this increase is due to
radiation effects. Entered in the thermal conductivity map for a heating
power of 30 W as a function of the different operating temperatures,
the deviations with regard to higher temperatures are once again made
clear, cf. Fig. 12.

5. Conclusion

In this work, an experimental interpolation is developed to esti-
mate the thermal conductivity of oxide ceramic samples for potential
SOFC/SOEC applications at high temperatures. Accurate determination
of thermal conductivity in this temperature range is usually laborious,
time consuming and expensive. Therefore, an experimental investiga-
tion is conducted to establish a thermal conductivity map for various
oxide ceramic samples in the temperature range of 700–900 ◦C as
a basis for interpolation. An electrical heating current is imposed
and the temperature difference is measured, so this data can then be
subsequently compared to the known values in the map. To prepare
this map, the material-specific properties of thermal diffusivity, density
and specific heat capacity of the selected materials are determined.
For this purpose, laser flash analysis, displacement measurement, and
differential scanning calorimetry are performed. These results are com-
pared with manufacturer and literature data and converted into a
thermal conductivity by multiplication. This is followed by a series of
measurements in the range 700–900 ◦C in 50 K increments using an
electric heater to determine the temperature difference across a 10 mm
thick oxide ceramic block.

Since radiation effects must be considered at high temperatures, a
total effective thermal conductivity is assumed to include both conduc-
tion and radiation. The different optical properties of the materials are
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Fig. 11. Comparison of the interpolated effective thermal conductivities 𝜆 with data from the literature (RA: [53], SCH: [12], FE: [14], SA: [54], YA: [55], BO: [22]).
Fig. 12. Measured thermal conductivity map: Effective thermal conductivity 𝜆 as a function of temperature difference 𝛥𝑇 and temperature for a applied heating power �̇� of 30
W.
not initially elaborated and considered in this work. A direct linear
relationship is assumed between the total thermal conductivity and
the temperature gradient at an operating temperature. However, an
exponential relationship over different operating temperatures shows
the importance of thermal radiation in heat transfer. Also, increasing
deviations in the temperature difference measurements in the results
show the importance of increasing radiation effects as temperature
increases. Furthermore, the increase of the temperature leads to the
increase of the resistance of the HT tube heater, so that accordingly the
electrical heating conduction decreases and the temperature differences
decrease. The effective thermal conductivity of 8YSZ determined using
the recorded map as a test shows good overall agreement with litera-
ture values at 2.2 (+0.41/−0.24)–1.68 (+0.42/−0.26) W/mK, although
larger deviations are observed at 850 ◦C and 900 ◦C. For 10Sc1CeSZ
as a second example, an interpolated effective thermal conductivity of
2.3 (+0.32/−0.48)–2.8 (+0.96/−1) W/mK results in the temperature
range from 700–900 ◦C. It should be noted that the effective thermal
conductivity is measured, so the actual solid-state thermal conductivity
is lower. Overall, this method provides a rapid estimate of the thermal
conductivity of oxide ceramic samples.
38023
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