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Fired clay ceramics are promising materials for TES, thanks to their thermal stability, availability worldwide, low
cost and easy shaping and handling. However, their thermo-physical and thermo-mechanical properties have to
be improved. For the first time, clay-phosphate ceramics, with synthetic calcium hydroxyapatite (TCP,
Ca19(PO4)6(OH)2) as additive, were developed in view of TES application. A parametric study was carried out for
different clay/TCP mixtures, wherein the TCP percentage varies from 0 to 16.7 wt%. The best material con-
taining 4.7 wt% TCP allowed increasing up to 20% of the thermal conductivity and 23% of the mechanical

strength. Moreover, it was thermally stable up to 1000 °C. These original results demonstrate the suitability of
these new materials for heat storage in energy systems such as in a concentrated solar power (CSP) plant, or in a
unit of heat recovery from an industrial waste heat source.

1. Introduction

One of the most important challenges that our society faces is the
satisfactory supply, dispatchability and management of the energy. In
this context, a successful and efficient exploitation of all energetic re-
sources, fossil and renewable, will be the key factor in order to reach a
fair and equitable distribution of the available energy. Even if fossil
energies currently remain the main energetic resource, which make up
ca. 80% of the world energy production, they are expected to be reduced
in the next decades in favor of alternative renewable energies [1,2].

Among different types of renewable energy, solar energy appears as
the most abundant source and can be accessible from different countries.
Solar photovoltaic (PV) and concentrated solar power (CSP) are the two
main technologies developed for solar energy [1,3,4]. CSP presents
several strategic advantages, principally the possibility of heat storage
integration, which allows improving the efficiency of the plant and
limiting the intermittent character of the solar source as well as its
seasonal effect [5-8]. Typically, it allows adapting the production to the
demand and equilibrating the energy generation avoiding undesirable
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production peak. This makes thermal energy storage (TES) systems as an
integral part of CSP plants and contributes of energy cost reduction [6,8,
9]. There are three concepts for heat storage: sensible, latent and ther-
mochemical heat storage [10-12]. In all cases, a storage media is
needed. Currently, only sensible storage is used in industrial CSP plants
with molten salts as storage media used in the liquid form in two tanks
technologies [6,13,14]. Typical example of CSP plants in operation with
this technology is Andasol located in Spain using more than 28,500 tons
of molten salts and generates approximately 200 GWh per year [15-17].
It is also the case of NOOR I in Morocco inaugurated in 2016 with 160
MW capacity which integrates a storage capacity of 3 h (molten salt as
TES media) [18]. In 2014, IEA has predicted that CSP will contribute to
11% of the world electricity production by 2050 [19]. This requires a
nitrate salt consumption around 20-30 times higher than the current
worldwide production from nitrate mines [19]. In addition, the use of
nitrate salts as TES media has several disadvantages related to the high
cost due to the quality required, corrosion, low thermal conductivity
(0.55 W/m/K at 400 °C) and stability, competition with other sectors
(for examples: agriculture and chemical industries), and low operational
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Table 1
Main parameter of X-ray tomography analysis.

ESRF - European Synchrotron Radiation Facility, ID19
(Grenoble, France)

X-ray source

Energy level 35 keV

Projection 3500
number

Exposure time 0.06 s

Analysis volume 1.6 x 1.6 x 1.3 mm?®

Table 2
Elemental composition of clay and TCP used in this work.

Samples Concentration (wt.%)

Si0, ALO; CaO  Fey03 K,0 MgO Na,0  P,0s
Clay 458  16.2 8 8.5 43 13 0.2 -
TCP - - 55.8 - - - - 42.4
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Fig. 1. Particle size distribution of the TCP used in this work.

temperature range limited between 225 and 600 °C [14,20]. So, molten
salts are not adapted to high temperature applications, such as solar
power tower technology, where temperatures can reach 1000 °C [6,21].
Hence, there is currently an urgency to develop new performing TES
materials in order to support next generation of CSP plants.

In this context, research efforts are devoted to the development of
alternative materials that could be used as storage media in a new
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generation system called thermocline; a breakthrough concept that can
be used to store heat from CSP plants as well as industrial heat recovery.
The development of alternative TES materials is based on the control of
different criteria including the availability at the industrial scale, low
cost, easy processing, acceptable eco-balance, high thermo-mechanical
stability and compatibility with the heat transfer fluid (HTF) [22,23].
A wide range of attractive materials has been identified and studied for
TES applications and can be grouped as natural rocks, concrete and
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Fig. 3. TG (a) and DTG (b) curves of the raw materials under air atmosphere
(heating rate of 5 °C/min).

Fig. 2. Illustration of SEM images of TCP powder used in this work.
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Fig. 4. TG and dTG curves of the clay ceramic and clay ceramics doped with
4.7, 8 and 16.7 wt % of TCP.

ceramics.

A large number of research works have investigated the thermo-
physical and thermo-mechanical properties of various rock types
[24-27]. However, most of them are generally not suitable for high
temperature storage (>600 °C). For example, results obtained by
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Tiskatine et al. who investigated the thermal cycling resistance of
various rocks have shown that many types of rocks are unsuitable for
high temperature use because of deterioration of properties due to the
formation of microcracks. In addition, mineralogical composition,
geological age, impurities and heterogeneity of natural rocks can affect
their use in large industrial scale because they lead to the variation of
physical, thermal and mechanical properties [28]. This limits the use of
natural rocks as TES materials.

Concrete is easy to process, is largely available, and has interesting
thermo-physical properties. Several research works have been devoted
to the investigation of concrete as TES materials at pilot scale [9,29-31].
The common findings of these works showed that concrete is suitable for
sensible heat storage, but it is not adapted for high temperature appli-
cations. In fact, results obtained by Laing et al. [29] shown that the
compressive strength of concrete decreased from 29 to about 15 N/mm?
after several thermal cycles at a temperature of 500 °C. This was also
observed by John et al. [32]. This means that the use of concrete is
limited only for low temperature storage technologies (e.g. below
400 °C). In contrast, ceramic materials are generally suitable for high
temperature applications. On the one hand, a great number of research
studies are focused on the development of ceramics from the valoriza-
tion of industrial waste and by-products (asbestos-containing wastes, fly
ash, slag from electric arc furnace steelmaking processes) into TES ma-
terials [22,33-35]. The most challenging aspect in this area is the
complexity in the raw materials shaping. In fact, high temperature
processes, such as plasma processing, have been investigated for the
processing of those materials. However, it came to an issue due to the
high energetic and economical cost. On the other hand, clay based ce-
ramics were longtime used as bricks and tiles for building applications
[36]. They have potential to be used as TES materials thanks to their
thermal stability up to 1000 °C, availability worldwide in large quantity,
easy shaping and handling using a basic production process by extru-
sion, and low cost [37,38]. However, the thermo-physical and
thermo-mechanical properties of traditional clay ceramics have to be
improved to meet criteria of TES materials.

Hence, the objective of this work is to investigate the microstructure,
the thermo-physical and thermo-mechanical properties of the clay ce-
ramics doped with phosphate (TCP) to develop an alternative TES ma-
terial. TCP was chosen as additive because it has the criteria required for

o
)
g A
)
=
§ o
o=t A0
-g i 3~i,°,¥,r““f;_/\j"‘
~ | MC/16.7TCP,
ﬁ I A [m]
A o
g H,D \l‘\ A+UH
o J— ¥ MM ‘\_"u\w_,‘\\ J lvh‘
MC/4.7TCP

Clay

O Quartz
O Hematite
A Anorthite

¢ Hydroxyapatite
+ Gehlenite

% Feldspath
@ Spinel

2 6 (degree)

Fig. 5. XRD patterns of the ceramics after firing at 1100 °C.
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Fig. 6. X-ray tomography micrographs of the fired ceramics: cross-section and 3D representations. (a): Virgin clay ceramic without TCP; (b): Clay/4.7TCP; (c): Clay/
16.7TCP. Firing conditions: 5 °C/min heating rate, 1100 °C final temperature, under air atmosphere.

a TES material, in particular its high thermal stability at high temper-
ature (>1000 °C) without significant decomposition, and interesting
thermo physical properties [39,40]. To the best of our knowledge, the
present study is the first work dedicated to the development of
clay-phosphate ceramic materials for TES application.

2. Materials and experimental methods
2.1. Raw materials

The clay used in this study is a mixture of clay minerals and sand (80/
20 wt%) extracted from a quarry in southwest of France, which was
provided by a brickyard in the Occitanie region. Commercial hydroxy-
apatite (3 g/cm® true density, under the fine powder form), named TCP
in this work, provided by PRAYON S.A (Belgium) was used as additive
without further modification. The main characteristics of the raw ma-
terials are presented in the results section.

2.2. Production of the clay ceramics

The clay ceramics investigated in this work were obtained by mixing
clay, TCP and water. Their production was carried out with equipment

provided by our industrial partner, who is a world leader in brick and
tile production. For a given preparation, the mixture of clay and TCP (2,
4.7, 8, 12 or 16.7 wt%) was prepared in a kneading bowl for 5-7 min,
with a gradual addition of water up to 15 wt%. The corresponding
products are named as Clay/xTCP, with x represents TCP content (wt.
%). The mixture was than extruded using a bench extruder (Bongioanni)
at 7.5-8 bar pressure to form ceramic blocks of 170 x 75 x 13 mm?.
Those blocks were progressively dried at 25, 45, 65 and 105 °C, with a
plateau time of 24 h at each temperature, in an electrical oven (Mem-
mert). From these dried ceramic blocks, samples for different charac-
terizations were prepared using an electric circular saw to get desired
shape and size, and polished with P80, P120, P180 or P280 SiC abrasive
paper (CarbiMet). Finally, fired ceramics were obtained by calcination
at 1100 °C (5 °C/min heating rate) in an electrical furnace (Controller
P320, Nabertherm).

2.3. Analyses and characterizations

Different analysis and characterizations were performed with both
raw materials and fired ceramics.
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Fig. 8. Evolution of thermal conductivity of fired ceramics as a function of TCP
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Fig. 9. Evolution of specific heat capacity of fired ceramics as a function of TCP
content. Firing conditions: 5 °C/min heating rate, 1100 °C final temperature,
under air atmosphere.

2.3.1. Elemental composition, particle size distribution and thermal
behavior

The elemental composition of the clay was obtained with an ICP-AES
instrument (Jobin Yvon Ultima 2). Before the analysis, the clay was
firstly dissolved in a mixture of fluoric, nitric and sulfuric acid at 200 °C
during one night in a Teflon-coated sealed autoclave. The solution was
diluted 10 times in permuted water. The measurement was repeated at
least twice for each sample.

The particle size distribution of TCP was measured using laser
granulometry analysis (Mastersizer 3000, Malvern). The measurements
were performed in the dry medium (air).

The thermal behavior of ceramics was carried out via thermog-
ravimetry analysis (TG) using an Q600 apparatus (TA Instruments), in
the temperature range of 30-1100 °C (5 °C/min heating rate) under an
air flow (3 NL/h). For each measurement, a cylinder of ca. 200 mg of
fired ceramic was used.

2.3.2. Density, pore volume fraction and microstructure observations
Pore volume fraction and bulk density were measured using a water
adsorption technique [41]. The measurements were performed with
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under air atmosphere.
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Fig. 11. Thermal conductivity of the fired ceramics during three consecutive
heating cycles. Conditions: 5 °C/min heating rate, air atmosphere.

samples of 30 x 30 x 5 mm®. Firstly, the samples were introduced in a
vacuum chamber and maintained under a residual pressure of 30 kPa for
4 h. Some water was then introduced in the vacuum chamber up to
partial immersion of the samples. The samples remained partially
immerged under the same residual pressure of 30 kPa for 2 h. Subse-
quently, the samples were subjected to full immersion in the water. The
full immersion of the samples was maintained for 24 h. The atmospheric
pressure was finally restored in the vacuum chamber. The samples
remained immerged at atmospheric pressure for 24 more hours.
Following this operation, the weight of the samples was measured under
three different conditions. It was measured under air, under water by
hydrostatic weighing and under air after wet wiping. The bulk density
(ppuik) and the percentage of porosity (e¢) of the samples could be
respectively calculated from Eq. (1) and Eq. (2) [41], where W}, is the
hydrostatic weight, Wy, is the wet weight, and Wy is the dry weight. The
measurement was repeated at least twice for each sample. These mea-
surements were performed at room temperature (ca. 20 °C).

Wa

Pouk = W W, Eq. 1

W, — Wy
=—x1 Eq. 2
€ W W>< 00% q

w h
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Fig. 12. (a) Specific heat capacity, (b) bulk density (determined from TMA and
TG analyses), and (c) specific energy density of the fired ceramic as functions of
the temperature.

X-ray diffraction (XRD) measurements were carried out with a Phi-
lips Panalytical Pro MPD. The identification of crystalline phases was
performed by comparison of the measured patterns with JCPDS (Joint
Commitee on Powder Diffraction Standards) database.

The microstructure of the clay-based ceramics was observed by X-ray
tomography using the Synchrotron facility. The samples were firstly
fired at 1100 °C. Then, cylinders of ca. 150 mg were prepared by pol-
ishing technique, without using resin to embed the samples. Table 1
shows the main analysis parameters used. To build 3D structure, a series
of radiographs were acquired under different angles of measurement by
rotating the sample. Then, the cross-sections scans were used to build 3D
representations of the samples where the solid skeleton was presented in
light grey color and the porosity in a black color.

Scanning electron microscopy coupled with energy dispersive

Open Ceramics 14 (2023) 100346

spectroscopy (SEM-EDX) was carried out with a machine of FEI Com-
pany (Philips XL30 ESEM). This technique mostly allows imaging
chemical elements present on the surface of a sample at the micrometric
scale.

2.3.3. Measurement of the thermal conductivity and specific heat capacity

The thermal properties of the fired ceramics were determined at
room temperature (static measurement) or at higher temperatures (dy-
namic measurement).

At room temperature, the thermal conductivity (A) measurements
were performed with 30 x 30 x 5 mm® samples using the transitory
plane source method (TPS 2500, Hot Disk AB). The data were treated
with algorithms of the Thermal Constant Analyzer. The modulated DSC
(MDSC Q200, TA Instrument) was used for the measurement of specific
heat capacity (C,). Those measurements were repeated at least twice for
each sample.

Dynamic measurements were performed using the Laser Flash
method in a NETZSCH laser flash apparatus (Microflash LFA 457). The
measurements were performed with fired samples of 10 x 10 x 1.5 mm®
under the air atmosphere from 30 to 1000 °C (5 °C/min heating rate).
Details of the measurement will be presented in Section 3.5. The thermal
diffusivity (¢) is recorded as a function of the temperature. The thermal
conductivity (1) is deduced from Eq. (3) [42]:

MT)=p(T) x C,(T) x ¢(T) Eq. 3
where p is the bulk density, G, is the specific heat capacity and ¢ is the
thermal diffusivity. p(T) was obtained in a SETSYS Evolution apparatus
(TMA 1600, SETERAM), while C,(T) was obtained with a DSC 404 F1
Pegasus (NETZSCH). The measurements of C,(T) were performed under
Ar flux (50 NmL/min) within the temperature range of 30-1000 °C
(20 °C/min heating rate). Cylindrical samples of 4 mm diameter and 1.3
mm length were employed.

2.3.4. Measurement of the mechanical and thermomechanical properties

The mechanical properties of the fired ceramics were determined at
room temperature (static measurement) or at higher temperatures (dy-
namic measurement).

At room temperature, the measurements were carried out in an
Instron 5800 R, using a three-point bend testing fixture (load span of 40
mm) and a 500 N load cell. The specimens with dimensions of 60 x 10 x
5 mm?® were subjected to a constant displacement rate of 1 mm/min
until the fracture. The measurement was repeated at least three times for
each sample to get the average value. The flexural strength of the fired
clay ceramics (of) was calculated from Eq. (4) [43], where Fy is the
maximum force (which is obtained with Instron 5800 R apparatus), L is
the loading span, B is the breadth, and H is the height of the flexural
samples.

_ 3XPyax x L

o0 = 2 Fvan X L
T X BxH?

Eq. 4
For the dynamic measurement, the Young’s modulus was continu-
ously measured from room temperature to 1050 °C by a resonant fre-
quency analyzer (IMCE HT650), equipped with a flexural mode. Details
of the measurement will be presented in Section 3.5. The Young’s
modulus was calculated from the resonance frequency, and the sample
dimension and weight, according to the norm ASTM E1876 [44].
Thermomechanical analysis (TMA) was determined with a
SETARAM SETSYS Evolution TMA 1600 apparatus. For each measure-
ment, ceramic sample was fired at 1050 °C under the air atmosphere.
Then, it was polished to reach the initial cylindrical dimension of 0.6 cm
diameter and 1.4 cm length. The analysis was done from 30 to 1000 °C
(5 °C/min heating rate) under the air flux (3 NL/h) and under a constant
charge of 10 g. The variation of the dimension was monitored along the
analysis at each interval of 5 °C. From the variation of dimension by
TMA, the variation of mass by TG under similar conditions, and the
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Fig. 13. Young’s modulus of: (a) fired virgin clay ceramic, (b) and fired Clay/4.7TCP ceramic during three consecutive heating/cooling cycles. Conditions: 5 °C/min

heating rate, air atmosphere.

Time (min)

Fig. 14. TG analysis of Clay/4.7TCP sample with 100 consecutive heating/
cooling cycles. Conditions: Heating from 25 to 1000 °C (20 °C/min heating
rate) under an air flow; cooling freely from 1000 °C to 25 °C under an air flow.

initial mass weighed at the beginning of TMA analysis, the bulk density
of sample can be calculated along the heating program from 30 to
1000 °C.

3. Results and discussions
3.1. Raw materials characterization

Table 2 shows the elemental composition obtained by ICP-AES of
clay and TCP. For clay, the results indicate a predominance of silica and
alumina. Calcium, iron, potassium, magnesium and sodium oxides are
also present at lower concentrations. Other elements such as C, H, N, O
and S (mostly carbonates), as well as the possible presence of minority
elements, which cannot be determined by this technique, represent 15
wt% of the clay. Concerning the TCP, due to the high purity, only cal-
cium and phosphorus oxides were identified and quantified.

The analysis of particle size distribution of natural clay and sand,
which were used to constitute the clay/sand mixture used in the present
study, was previously reported [45]. Briefly, natural sand was mostly
composed of large particles (d;o = ca. 8 pm, dso = ca. 500 pm, dgo = ca.
2050 pm). On the other hand, natural clay contained much smaller
mineral particles (dyp = ca. 1 pm, dsp = ca. 7 pm, dgp = ca. 50 pm).

Fig. 1 shows the particle size distribution of the TCP additive that
was used in the study. The results indicate that TCP has a bimodal
particle size distribution ranging from 0.1 to 31 pm, with an average
particle size of 4 pm. This result is supported by the SEM results (Fig. 2),
displaying small and relatively heterogeneous particles size.

Fig. 3 shows the TG and DTG (differential weight loss, %/min) curves
of the raw materials under the air atmosphere. For clay, a first weight
loss of 2.6 wt% from the room temperature to 200 °C is attributed to the
dehydration. Then, a dehydroxylation takes place between 400 and
600 °C causing a 2 wt% weight loss. The quartz transition at ca. 573 °C
was also observed (Fig. 3 b). From 650 to 850 °C, the decarbonation of
calcium carbonate occurs with a 4.4 wt% weight loss [36]. For TCP, the
weight losses are due to surface moisture removal (around 100 °C),
dehydration of hydrogenophosphate surface groups, and partial dehy-
droxylation of OH™ groups in the apatitic structure of TCP [46].

3.2. Thermogravimetry analysis

Fig. 4 shows the thermal behavior of clay ceramics doped with
different percentage of TCP under the air atmosphere. In comparison
with undoped clay (Fig. 4.), the addition of TCP did not modify the
thermal behavior of clay matrix in the temperature range investigated.
Different weight losses can be identified corresponding to the surface
moisture removal, dehydration, dehydroxylation and calcium carbonate
decomposition. However, the addition of TCP led to a decrease of the
total weight loss, which is explained by the fact that the total weight loss
of TCP is smaller than that of clay (Fig. 3). Above 850 °C, there is not
further weight loss. So, clay-TCP ceramics are thermally stable up to at
least 1100 °C, which is important for TES application.

3.3. Density, pore volume fraction and microstructure observations

The porosity of the fired ceramics (firing conditions: 5 °C/min
heating rate, 1100 °C final temperature, under air atmosphere) was first
studied. The porosity decreased from 28% for the standard fired clay
ceramic (without TCP addition) to respectively 25% and 23% for the
ceramics containing 2 and 4.7 wt% of TCP. It may be explained by the
incorporation of small TCP particles inside the porosity of clay matrix.
On the other hand, at higher TCP contents of 12 wt% and 16.7 wt%, the
porosity of the corresponding ceramics slightly increased to 25%, which
may be due to the dehydration of OH™ groups from the apatitic structure
of TCP (Fig. 3).

According to the evolution of the porosity, the study on the evolution
of the bulk density of the fired ceramics shows that TCP addition up to
4.7 wt% allowed increasing the bulk density of materials (from 1970 kg/
m® for the standard fired clay ceramic to respectively 2070 kg/m® and
2140 kg/m? for Clay/2 TCP and Clay/4.7TCP). On the other hand, no
further bulk density increase is observed at higher TCP additions of 12
and 16.7 wt%.

The mineralogical composition of three different ceramics were
determined by XRD (Fig. 5). The standard ceramic (without TCP
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addition) mainly contained quartz, hematite and anorthite, as well as
other minority phases of feldspath and gehlenite. These crystalline
phases were also observed for the ceramics doped with TCP, in which
other apatitic structures were also identified (hydroxyapatite and
possibly iron-doped hydroxyapatite).

Fig. 6 illustrates the micrographs of different fired ceramics by X-ray
tomography. This technique mostly evidenced the presence of macro-
pores inside the samples. The analysis of all images of each sample
shows that macropores were more frequently observed in the virgin
ceramic without TCP. The size and shape of pores of this virgin sample
seem to be largely heterogeneous, with the presence of pores having
different shapes (e.g. likely-spheres, elongated cracks etc.) and sizes
(from some pm to hundreds pm), which are classically observed for fired
clay ceramics. In fact, this porosity results from different steps of clay
ceramic production. First, it is due to the presence of air in the mixture
during the extrusion process. Second, elongated cracks are frequently
formed during the drying step, due to the irregular contraction of
extruded blocks, when water leaves clay matrix [37,43]. Finally, firing
step up to 1100 °C causes the gas release (e.g. liberation of water vapor,
carbon dioxide etc.) which can also create pores [47].

For TCP-doped ceramics (Fig. 6 b, ¢), macropores are also present,
but their shape and size seem to be much more homogeneous in com-
parison to those of the undoped ceramic. This explain the increase of the
bulk density by adding 4.7 wt% TCP. Fine particles of TCP (dso = 4 pm,
Fig. 1) can penetrate to the porosity of the clay matrix, which reduces
the porosity of doped ceramic. In the case of Fig. 6 c, a large grain of size
above 200 pm (dark color) was present, which contained pores under
the forms of cracks. This is possible a quartz grain, taking into account its
large size. During the firing, a thermal expansion-contraction of grain
(volume variation) could take place when the quartz transition occurred
at ca. 573 °C.

Fig. 7 presents the mapping of the elements present in the virgin clay
ceramic (without TCP addition) and in Clay/16.7TCP ceramic, which
were fired at 1100 °C under air atmosphere. For the fired virgin clay
(Fig. 7 a), the main elements of clay including Al Si, Ca, K, Mg, Fe, Na,
could be found, which fits well with the elemental composition by ICP-
AES (Table 1). For the fired Clay/16.7TCP ceramic, calcium and mostly
phosphorus are homogeneously distributed on the analyzed surface,
except the zones corresponding to larges particles of clay. This confirms
the penetration of fine TCP particles inside the porosity of clay matrix
during the ceramic production by extrusion. The next section will pre-
sent the impacts of TCP penetration on the properties of TCP-doped
ceramics in view of TES application.

3.4. Impact of TCP addition on the thermal and mechanical properties of
fired TCP-doped ceramics

This section presents the effect of the TCP addition on the thermal
and mechanical properties of fired ceramics. All measurements were
performed at room temperature (ca. 25 °C).

Fig. 8 shows the evolution of the thermal conductivity of the fired
ceramics as a function of TCP content. The addition of TCP into the clay
matrix allows increasing the thermal conductivity of the virgin clay
ceramic up to 8 wt% TCP content. Then, the thermal conductivity seems
to be more or less stabilized. At 8 wt% TCP content, the thermal con-
ductivity reaches the highest value of 1.05 W/m/K, which is 31.2%
higher than that of the virgin clay ceramic (0.80 W/m/K). This can be
explained by the microstructural modifications, such as the shape and
size of the porosity, by TCP addition, as discussed in the previous section
[48-50].

The evolution of the specific heat capacity of the fired ceramics as a
function of TCP content is presented in Fig. 9. The TCP addition into the
clay matrix has no effect on the specific heat, which is stable around
0.74 kJ/kg/K (and which is also close to the value obtained for pure TCP
pellet prepared with a hydraulic press), despite the microstructural
modifications discussed above. Probably fine TCP particles were only
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physically inserted inside the clay matrix, but there was no formation of
new chemical bond between TCP and different components of the clay
matrix. Further investigations are needed to evidence the chemical
aspect of these mixtures between TCP and the clay.

The evolution of the mechanical strength of fired ceramics as a
function of TCP content is presented in Fig. 10. Globally, the TCP
addition allows increasing the mechanical strength of the fired ceramics,
and the optimal value seems to be obtained at 4.7 wt% TCP content
(average value of 18 MPa, or 15.4% higher than that of the virgin clay).
This beneficial impact can be explained by the improvement of the
microstructure of the fired ceramics. Fine TCP particles penetrate in the
clay matrix, leading to the decrease of porosity, which improves the
mechanical strength.

In view of application as TES materials, the TCP addition has positive
impacts on the thermal and mechanical properties of the fired ceramics.
This not only increases the mechanical strength, but also improves the
low thermal conductivity of the virgin clay. Consequently, this improves
heat transfer between heat transfer fluid (HTF) these fired ceramics as
monolithic storage media, and offers more flexibility in the design of
TES system. Taking into account the properties of the elaborated ma-
terials, the TCP content of 4.7 wt% appears as the best value, among the
investigated ceramics. At this TCP content, Clay/4.7TCP ceramic has the
lowest porosity, the highest bulk density, the highest mechanical
strength (Fig. 10), while keeping a good thermal conductivity (Fig. 8)
and specific heat capacity (Fig. 9). Thus, Clay/4.7TCP ceramic was
selected for further characterization. Virgin clay ceramic was also
investigated as reference.

In order to confirm the advantage of the TCP addition on the prop-
erties of the fired ceramics, it is indispensable to investigate these ma-
terials under dynamic conditions, which is presented in the next section.

3.5. Thermo-physical, thermo-mechanical properties and thermal stability
under dynamic conditions

Since TES materials will be submitted to repeated heating-cooling
cycles, it is important to investigate the thermal behavior of those ma-
terials under dynamic conditions. Fig. 11 presents the evolution of the
thermal conductivity of the virgin clay ceramic and Clay/4.7TCP
ceramic during three consecutive heating from 25 to 1000 °C under the
air atmosphere. Practically, for each measurement, the sample, which
was already fired under the air at 1100 °C, was heated to 1000 °C (5 °C/
min heating rate) and the thermal diffusivity was recorded which
allowed calculating the thermal conductivity of the 1st cycle, according
to Eq. (3). Then, the sample is cooled down under uncontrolled cooling
rate, and consequently, the thermal diffusivity was not recorded. At
25 °C, the sample was heated again to 1000 °C (5 °C/min heating rate) to
obtain the thermal conductivity of the 2nd cycle. This procedure was
also repeated for the 3rd cycle.

In Fig. 11, both the virgin clay ceramic and Clay/4.7TCP ceramic
show similar profiles of the thermal conductivity. For the virgin clay
ceramic and during the 1st heating, the thermal conductivity increases
from 0.76 at 25 °C to 0.87 W/m/K at 200 °C. Then, it continuously
decreases to 0.73 W/m/K in the temperature range of 200-500 °C,
before growing to 1.08 W/m/K in the temperature range of
500-1000 °C. The minimal value of the thermal conductivity around
500 °C may be related to the quartz inversion (a—p transition) of the
clay matrix, which occurs at around 573 °C [51]. During the 2nd and 3rd
heating, the profiles of the thermal conductivity are similar to each
other. However, some differences can be observed between the thermal
conductivity of the 2nd and the 3rd heating and that of the 1st heating.
This indicates that the microstructure of the fired virgin clay ceramic
was not completely stabilized after the firing step. Physico-chemical
phenomena, such as the dehydroxylation, might be not finished after
the firing at 1100 °C, and continue during the 1st, even the 2nd or 3rd
heating, and cause the differences in the thermal conductivity during the
heating cycles.
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For Clay/4.7TCP ceramic, as expected, the TCP addition allows
increasing the thermal conductivity up to 44% in the temperature range
investigated (25-1000 °C), in comparison with the virgin clay ceramic.
During the three consecutive heating cycles, Clay/4.7TCP ceramic
shows the similar behavior to that observed for the virgin clay ceramic.
During the 1st heating, the thermal conductivity increases from 1.10 W/
m/K at 25 °C to 1.14 W/m/K at 200 °C. Then, it decreases to 0.96 W/m/
K at 500 °C before increasing to 1.16 W/m/K at 1000 °C. The thermal
conductivity recorded for the 2nd and the 3rd heating is relatively
repeated, indicating that the microstructure of this ceramic is mostly
stable after the firing and the 1st heating.

Fig. 12 (a) and (b) present the evolution of the specific heat capacity
and the bulk density of the fired virgin clay ceramic and Clay/4.7TCP
ceramic as functions of the temperature. Note that bulk density in Fig. 12
(b) was calculated from TMA and TG analyses, as explained in the
experimental section. Both ceramics have the comparable specific heat
capacity in the temperature range of 25-1000 °C. Increasing the tem-
perature leads to a considerable increase of the specific heat capacity,
which reaches 1.19 kJ/kg/K at 1000 °C for Clay/4.7TCP, or 55% higher
than the value at 25 °C (0.77 kJ/kg/K). However, increasing the tem-
perature Clay/4.7TCP also leads to a small decrease of its bulk density
from 2140 kg/m> at 1000 °C to 2100 kg/m3 at 25 °C, or a decrease of
2%. Consequently, the specific energy density of Clay/4.7TCP, calcu-
lated as the product of the specific heat capacity and the bulk density,
continuously increases from 1647.8 kJ/m>/K at 25 °C to 2499 kJ/m3/K
at 1000 °C (Fig. 12 (c)). This is very important for TES materials since
the increase of the specific energy density allows decreasing the global
cost of the heat storage. It is worth noticing that the specific energy
density of the Clay/4.7TCP ceramic is much higher than that of other
materials reported in the literature, such as concrete (2272 kJ/m3/K at
350 °C [30]), natural rocks (2180 kJ/m3/K at 400 °C [26]), ceramic
from industrial inorganic wastes (2496-3226 kJ/m3/K at 25-1000 °C
[52,53]), or molten salts (2643 kJ/m3/K at 600 °C [54]). Furthermore,
an average thermal expansion coefficient (TEC) of 6.107%/°C (Supple-
mentary information SI. 1) was also recorded for Clay/4.7TCP, which is
ca. 48% lower than the values of concrete and ceramic from industrial
inorganic wastes [30,52].

Fig. 13 shows the evolution of the Young’s modulus during three
consecutive heating/cooling cycles of the fired virgin clay ceramic and
Clay/4.7TCP ceramic. For each ceramic, the sample, which was already
fired at 1000 °C, was heated from room temperature to 1050 °C (5 °C/
min heating rate), then cooled down to room temperature (5 °C/min
cooling rate). During this first heating/cooling cycle, the sample was
mechanically excited according to the norm ASTM E1876 [44], and the
resonance frequency was recorded which allowed calculating the
Young’s modulus. This procedure was repeated for the 2nd and the 3rd
heating/cooling cycles. The results in Fig. 13 reveal the similar behavior
of the two ceramics, and highlight the positive impact of the TCP
addition on the mechanical resistance. At room temperature, the
Young’s modulus is equal to 22.6 GPa for the virgin clay ceramic, and
28.3 GPa for Clay/4.7TCP ceramic. So, an increase of 25% of the me-
chanical resistance was obtained by the TCP addition (4.7 wt%), in
accordance with the results obtained by flexural measurement (Fig. 10).
From room temperature to 550 °C, the Young’s modulus slightly growth
from 22.6 to 25 GPa and from 28.3 to 32.5 GPa for the virgin clay
ceramic and Clay/4.7TCP ceramic, respectively. A strong evolution is
observed around 550-650 °C, which must be due to the quartz inversion
of the clay matrix, which takes place at around 573 °C [51]. Then, the
Young’s modulus is more or less stable up to 1050 °C for both materials.
For each cycle of heating/cooling, a hysteresis could be observed, which
is principally due to the opening and closing of microstructural
de-cohesion of materials [55,56]. This means that up to 1050 °C, the
temperature has no negative effect on the mechanical resistance of both
materials, which is important for their utilization in TES.

TES materials should be thermally stable during repeated heating/
cooling cycles. To validate this criterion, Clay/4.7TCP was analyzed by
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100 consecutive heating/cooling cycles using TG analysis under the air
flow. The sample was heated from 25 to 1000 °C (20 °C/min heating
rate), then freely cooled down to 25 °C, and this procedure was repeated
100 times. Fig. 14 shows the temperature profiles and the evolution of
TG signal of the sample during these 100 cycles, where its thermal
behavior is identically repeated. For each cycle, a “weight loss” of ca.
0.2% was recorded during the heating to 1000 °C. In fact, this mass
variation must be due to the measurement under hot air (1000 °C), and
the sample could recover its initial mass during the cooling to 25 °C.
After 100 cycles, there was neither mass variation, nor color change. In
the other words, the sample was completely conserved.

4. Conclusions

This work investigated the impact of phosphate (TCP) addition on
the microstructure and properties of fired clay ceramics in view of the
design of new performing TES materials. Salient conclusions arising
from this work are summarized below.

e The addition of TCP to the clay matrix allows improving most of the
properties of fired clay ceramic: decrease of porosity, and increase of
thermal conductivity, bulk density, and mechanical resistance.
Among the TCP content investigated, the addition of 4.7w.% seems
to be the best choice.

e The characterization of the best material (Clay/4.7TCP) under the
dynamic conditions shows that the material is thermally stable and
its specific energy density continuously increases during the heating
from 25 to 1000 °C.

Clay/4.7TCP sample possesses promising properties for a TES ma-
terial in the temperature range of 25-1000 °C: bulk density = 2140-
2120 kg/m°>; thermal conductivity = 1-1.16 W/m/K; specific heat ca-
pacity = 0.7-1.2 kJ/kg/K; specific energy density = 1647.8-2499 kJ/
m3/K; Young’s modulus = 28-45 GPa; TEC = 6.107%/°C; and a perfect
thermal stability during 100 cycles of repeated heating/cooling. Thus,
this material seems to be suitable for application in TES. Future work
would be focused on the identification of other phosphates, clay de-
posits, and other ceramic production techniques, such as pressing, in
order to optimize the bulk density of material. The validation at the pilot
scale is also indispensable before a possible industrial deployment.
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