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ABSTRACT

Thermal energy storage (TES) systems play an important role in the management of thermal energy and asso-
ciated consumption. Furthermore, using TES, combustion of fossil fuels and their associated environmental
impacts are avoided. In particular, demand for high temperature energy storage is increasing and research fo-
cuses on the development of suitable materials for these applications. A limited number of studies focus on the
use of sensible heat storage systems that exploit concrete as a TES under high temperature conditions for
concentrating solar power (CSP) plant systems. The main drawback to overcome in concrete TES is the degra-
dation of the concrete after charging and discharging thermal cycles. This study aims to develop a novel concrete
formulation designed for high-temperature applications and capable of withstanding thermal cycling. To achieve
this, a refractory concrete was conceptualized using calcium aluminate cement (CAC) and refractory aggregates,
specifically basalt and chamotte. The formulation also incorporates a heat treatment applied after the cu[[ring
period to enhance its performance under extreme thermal conditions. This heat treatment is what allows to
transform a CAC concrete, that unites the dispersed material through hydraulic nodes, into a refractory concrete,
that unites the dispersed material through its ceramisation. The new concrete formulation was analysed to
evaluate its performance before and after 25 thermal cycles. Results show that thermal conductivity and
compressive strength after ceramisation have values around 1.7 W/m-K and 52 MPa, respectively. It was also
observed that the initial thermal treatment was not necessary, because the ceramisation of the concrete can also
be achieved during the thermal cycling process if the correct heating and cooling rates are used. The developed
new concrete formulation containing refractory aggregates demonstrated excellent thermo-physical and me-
chanical properties that make it suitable for high-temperature TES applications (temperatures up to 700 °C).

1. Introduction

presented a review paper on TES systems that are suitable for CSP plants
noting that the use of sensible TES systems for CSP is the most wide-

Thermal or electrical energy production from renewable sources is
essential to safeguard the environment and reduce CO emissions into
the atmosphere. An appropriate storage system allows to store energy
from renewable sources and then use it when necessary, implementing
production efficiency. In particular, research focuses on thermal energy
storage (TES) which can be applied in various fields including buildings
and industries. TES integration in concentrating solar energy (CSP)
plants leads to use the inexhaustible heat source of the sun [1] in a more
cost-effective and continuous manner. The CSP dispatchability could be
guaranteed by high-performance heat storage materials. Pelay et al. [2]
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spread due to the reliability, low cost, easy implementation, and
extensive experimental feedback availability. Kunwer et al. [3] analysed
various sensible TES systems for CSP applications while the study of
Achkari et al. [4] underlines how the use of liquid SHS is the most
mature and suitable system in this field. However, the review of Mohan
et al. [5] underlines that nitrate salts in CSP systems decompose at
approximately 600 °C while the use of storage fluids generates corrosion
problems related to their containment. For these reasons nowadays, the
challenge is to find materials for sensible heat storage applications in
solid media at high temperatures.
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In particular, concrete emerges as a good material for this type of TES
applications [6,7]. Khare et al. [8] found that high temperature con-
cretes, such as the high alumina cement-based materials and alumi-
na-silicate geoploymers, were identified as having potential for sensible
TES media as they are cheap composite materials but their thermo—
physical and mechanical properties should be optimised for sensible TES
by a suitable choice of aggregates, binders, and additives. For example,
Wang et al. [9] studied the thermal performance of concrete for TES
with experiments on thermal conductivity and specific heat at high
temperatures simulating charge/discharge cycles and concluding that
siliceous aggregates generally provide enhanced thermal performance
over carbonate aggregate concrete across all temperature ranges. Also,
supplemental cementitious materials (fly ash, silica fume and ground
granulated blast furnace slag) and fibres (especially steel fibres) provide
an improvement on concrete thermal properties while a low
water-cement ratio tends to increase concrete thermal conductivity.
Martin et al. [10] evaluated the importance of thermal conductivity in
energy storage of concrete subjected to charge and discharge thermal
cycles between 300 °C and 600 °C. Results reveal a thermal conductivity
between 1.2 W/m-K and 2 W/m-K at room temperature for the various
compositions. Instead, at high temperatures thermal conductivity de-
pends on the concrete mix and the aggregates. The most significant loss
in thermal performance occurs during the drying stage. Beyond 600 °C,
the siliceous mix exhibits the largest decline.

About mechanical properties at high temperatures generally, the
residual compressive strength and the modulus of elasticity decrease as
the temperature increases due to the degradation of the material [11].
Supplementary cementitious materials (SCM) and fibre reinforced con-
crete can improve mechanical performance. Ma et al. [12] identified the
materials currently used for this purpose considering the deterioration
of concrete mechanical properties at high temperatures. Calcareous
aggregates provide a greater resistance than siliceous aggregates. Add-
ing pulverised fly ash and slag to concrete could increase its strength at
high temperature, while adding silica fume would reduce this resistance.
Xiao et al. [13] reported an overview on high performance concrete
underlining the uncertainty on the concrete spalling that can generates
randomly. However, the use of polypropylene fibres are found to be
more efficacious in reducing the spalling of HPC than steel fibres. Shi
et al. [14] examined the theories, raw materials, and preparation tech-
niques for ultra high-performance concrete with compressive strength
higher than 150 MPa. The effects of the exposure to high temperatures
on possible cracking induced in high strength concrete were studied by
Phan [15] whose results shown the relation between the generation of
spalling and the resistance to water vapor transport during heating.
Significant reduction in pore pressure in high-strength concrete can be
achieved with additions of polypropylene fibres. Instead, there was no
clear evidence that the presence of silica fume by itself affects the ten-
dency for explosive spalling.

Another solution to implement mechanical resistance is the use of
calcium aluminate cement (CAC) in the concrete formulation [16]
which succeeds in maintaining its properties under repeated thermal
cycles better than ordinary Portland cement (OPC) as the research of
Alonso et al. [17] verified subjecting the samples to seventy-five thermal
cycles lasting 24 h between 290 °C and 550 °C. Also, Boquera et al. [18]
studied the properties of CAC and OPC with silicocalcareous and steel
slag aggregates concrete before and after 10 thermal cycles from 290 °C
to 700 °C. The use of CAC and OPC paste as the cementing component
with steel slag aggregates, provide a limited concrete cohesion under the
thermal cycling profile selected. A possible solution is to add supple-
mentary cementitious materials as partial replacement of cement,
ensuring compatibility with steel slag aggregate. Instead, Lau et al. [19]
evaluated the improvement in crack resistance once steel fibres are
incorporated into the concrete mix design.

Furthermore, other studies analysed the use of refractory materials in
concrete. For example, Baradaran et al. [20] carried out an experimental
program concerning recycled aggregates produced by crushing
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refractory bricks in replacement of 0, 25, 50, 75 and 100 % of natural
sand on concrete composition. Results demonstrated that concrete with
refractory aggregates had a residual resistance that reached double the
values of conventional concrete over 800 °C. Fharenoltz et al. [21]
evaluated ceramics suitable for extreme environment conditions while
Scheinherrova et al. [22] analysed cement with high alumina content
and basalt reporting better values once fibres of different sizes are mixed
in the compound. The porosity reduction, the improvement of the
microstructure and homogeneity of the concrete mix are all parameters
that influence the mechanical performance therefore complete studies
must also concern the physical structure of the samples as in Boquera
et al. tests [18,23-25].

This study seeks to make a significant impact by developing an
advanced concrete tailored for high-temperature applications, including
critical uses in thermal energy storage for Concentrated Solar Power
(CSP) plants and other industrial processes. By integrating calcium
aluminate cement (CAC) with refractory aggregates like chamotte and
basalt, and applying a solid-state sintering heat treatment, this innova-
tive formulation enhances the material’s thermal resilience. The
outcome is a durable, high-performance concrete capable of with-
standing extreme thermal conditions, contributing to the advancement
of sustainable energy solutions and improving the efficiency and life-
span of industrial infrastructures. Once refractory concrete samples
were produced, they were subjected to 25 thermal cycles between
290 °C and 700 °C. Then, properties such as apparent density, porosity,
thermal conductivity, and compressive strength were studied and
compared to the non-treated concrete.

2. Research significance

The mineralogy of molten calcium aluminate cement shows that
calcium oxide (CaO) and alumina (Al,O3) are the main oxides.
Depending on their percentages, they combine to form monocalcium
aluminate (CA) as the main active phase. This active phase reacts with
water to give calcium aluminate hydrates. The formation of these hy-
drates in the CAC depends on the ambient temperature and humidity.
Calcium aluminate decahydrate (CAH;(, where C is CaO; A is Al;03; and
H is Hy0) is usually formed at temperatures below 15 °C, which trans-
forms into dicalcium aluminate octahydrate (C2AHg) and gibbsite (AH3)
with increasing temperature. However, CAH;op and CyAHg are meta-
stable in nature and transform into stable tricalcium aluminate hexa-
hydrate (C3AHg) and AHg, with the release of water at temperatures
above 27 °C. This process is known as a conversion reaction and is
described in Eq. (1) and Eq. (2). This reaction is inevitable, and its rate
depends on temperature and humidity [26].

2 CAH;9 —» C2AHg + AH3 + 9 H (@D)]

2C3AHs +AH; +9H
3CAHs — (2)
[C = Ca0; A = Al,03; S = SiO,; H = H,0]

Microstructural instability is related to the reactions that cause the
conversion of metastable hydrates into stable, permanent, and dense
hydrates. In this conversion process, there is a significant release of
crystallization water by the hexagonal hydrates when they convert to
cubic ones, which evaporates, giving rise to a loss of mass. In turn, it
involves the formation of a porous structure that reduces the adhesion
between the aggregate and the cement paste. Consequently, a notable
drop in the compressive strength is obtained (called residual resistance),
which is around 25 % of the maximum foreseen value.

Water/cement ratios that are as low as possible can guarantee high
residual resistance by ensuring a sufficient amount of anhydrous cement
that can be hydrated at a delayed rate over time, compensating for the
loss of mechanical strength produced by the conversion [27]. But if
concrete must undergo thermal cycling processes throughout its useful
life, the products formed as a consequence of its hydration will lose free
water, and then dissipate the chemically combined water. Above 600 °C
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and as the dehydration of the hydrated aluminates progresses, the me-
chanical properties of the compound will gradually decrease, and the
material will begin to deteriorate.

Using molten aluminate cement alone is insufficient to produce re-
fractory concrete; the added aggregates must also possess refractory
properties, whether of natural or artificial origin. This research aims to
ensure that the finest fractions of the refractory aggregates integrate
effectively with the calcium aluminate cement matrix, enhancing the
material overall performance under high-temperature conditions.
Therefore, the increase in the working temperature is not only the cause
of the dehydration of the aluminates, but it also leads to the formation of
ceramic bonds similar to refractory bricks. This confers additional me-
chanical resistance to unshaped refractory concrete. If the dehydration
of the hydraulic binders when the working temperature increases is the
main reason why the mechanical resistance decreases, reaching mini-
mum values around 650 °C, the objective is that the products of cement
dehydration (Ca0.Al,03 (CA), Ca0.2A1203 (CA3) and 12Ca0.7Al,03
(C12A7), among others) react with the finest fractions of the refractory
aggregates forming new compounds that report an increase in me-
chanical resistance. These new products that are formed from 800 to
1000 °C are usually the anorthite Ca0.Al;03.28i05 (CAS3) and the
gehlenite 2Ca0.Al503.S5i0, (C2AS), being the reason for the ceramic
bond through a solid-state sintering process [28].

3. Materials and methods
3.1. Materials

The materials used in the dosage presented in this study include CAC
under the trade name ALUMINITE, very fine aggregates, and refractory
chamotte and basalt gravels. Each of them is described below.

The cement used in this study is CAC, produced and supplied by
Cementos Molins Industrial (Barcelona, Spain) following the EN-14647:
2006 standard. The characteristics of the cement according to the
manufacturer are presented in Table 1.

Aluminite is a refractory cement that is characterized by containing
43 % aluminium oxide. Its mineralogical composition is based on cal-
cium aluminates, with calcium monoaluminate being the majority.
About 90 % of all its components are smaller than 90 pm and none
release lime during hydration. Its composition and granulometric curve
led to ceramisation at temperatures of approximately 750 °C, improving
its thermodynamic performance.

The aggregates selected for the study were chamotte and basalt
because they have a low coefficient of thermal expansion and high
resistance (Fig. 1). Chamotte is kaolin calcined at 1400 °C in rotary kilns
and then ground and classified using high-frequency sieves to achieve

Table 1
Cement characteristics [29].

Property Value

Chemical analysis
Aluminium oxide (Al,03) 43 %

Calcium oxide (CaO) 36.1 %
Iron oxide (Fe;03) 11.4%
Ferrous oxide (FeO) 45 %
Silicon oxide (SiO,) 29%
Chlorine (C17) 0.01 %
Sulphur (S27) 0.03 %
Sulphur trioxide (SO3) 0.1%
Alkali 0.07 %
Physical properties (@ atmospheric pressure)

Density 3.2 g/cm®
Specific surface Blaine 3270 cm?/g
Initial setting time 145 min
Final setting time 165 min

Mechanical properties
Compressive strength
Compressive strength

47.7 MPa (6 h)
65.2 MPa (1 day)
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particle sizes from 3 pm to 10 mm. Chamotte is rich in alumina and
recommended for monolithic refractories - unshaped refractories. It was
supplied by ARCIRESA (Gijon, Spain). Basalt is a volcanic igneous rock
that was formed by the rapid cooling of lava when it emerged to the
Earth’s surface, becoming a very hard rock. It was supplied by Pedrera
Can Saboia (Fogars de la Selva, Spain). The characteristics of both ag-
gregates are presented in Table 2 and Table 3, respectively. Four gran-
ulometries of chamotte were used: filler (0-0.1 mm), filler (0-1 mm),
sand (1-3 mm), and gravel (2-5 mm) with fineness modulus of 1.87,
4.05, 6.38, and 7.06, respectively. Two granulometries of basalt were
used: gravel (3-6 mm) and coarse aggregate (6-10 mm) with fineness
modulus of 7.23 and 8.32, respectively (Fig. 1).

3.2. Methodology

Special attention was paid to the preparation of the refractory con-
crete to achieve high homogeneity, defining an appropriate procedure.
Since the workability of the concrete is affected by the amount of water
absorbed by the fine fraction of the chamotte, 24 h before the prepa-
ration of the specimens, the chamotte (2-5 mm) was moistened and air-
dried under laboratory conditions (temperature = 21 °C; relative hu-
midity = 49 %). Furthermore, since the surface of the finer aggregate
cannot be dried after it is wetted, as is the case with coarse aggregate, the
chamotte with granulometries 0-0.1 mm, 0-1 mm, and 1-3 mm was
placed inside separate plastic bags for 24 h, prior to use.

First, the laboratory concrete mixer model H0052 from Proeti
(Madrid, Spain) was moistened with water. With the concrete mixer
rotating, the chamottes with granulometries 0-0.1 mm and 0-1 mm and
the CAC were poured for 2 min, achieving a close mixture of both
fractions. Next, and without stopping the machine, the chamottes with
granulometries 1-3 mm and 3-5 mm were poured, rotating the mixture
for 1 min, without adding water. As a previous step, half of the super-
plasticizer had been diluted in half of the necessary water which was
added to the mixture by rotating it for 3 min. Afterwards, the concrete
mixer was stopped for 30 s, the rest of the coarse aggregates were poured
in and the entire mass was mixed for 1 min. Finally, and without stop-
ping the concrete mixer, the remaining water was poured with the other
half of the diluted superplasticizer, rotating it for another 3 min (Fig. 2).
With this procedure, a settlement of the concrete was achieved in the
Abrams cone test (slump test) of 90 mm, sufficient to fill the moulds.

The fresh concrete was poured into steel moulds and vibrated for 60 s
with a Controls 55-C0162/E (Milan, Italy) vibrating needle with a
diameter of 25 mm at 12000 vibrations/minute to eliminate trapped air
bubbles and ensure maximum compactness of refractory concrete. The
specimens were formed for 48 h and then cured in a controlled chamber
at a temperature of 20 + 2 °C and relative humidity of 97 + 2 % for 28
days.

Once the curing period finished the samples were cut to the di-
mensions of 50 x 50 x 50 mm? in order to obtain an adequate quantity
of CAC samples for each test carried out. Part of these samples were
subjected to a solid-state sintering heat treatment that allows to trans-
form a CAC-based concrete (called CAC in this paper) into a refractory
concrete (called RC). The substantial difference between the two types
of concrete is that, while CAC unites the dispersed material through
hydraulic bonds, RC unites the dispersed material through its ceram-
isation [32]. Heat treatment involves reaching the sintering temperature
of 825 °C and maintaining it for 3 h (Fig. 3). After that, the samples
inside the oven were allowed to cool down to ambient temperature by
natural cooling, since no cooling device was used. In this way the
micrometric particles of CaO, AlyO3, and SiO of the CAC and the cha-
motte come together due to the phenomenon of diffusion of atoms,
giving anorthite and gehlenite [28]. After releasing the water, small
spaces remain in the structure that allow the particles to move. The high
temperature (excitation energy) increases the diffusion of the particles
which leads to their sintering and subsequent formation of a neck. The
voids in the materials reduced and the solid state on the contact surface
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4)

Fig. 1. Photos of all aggregates used: (1) Chamotte (0-0.1 mm), (2) Chamotte (0-1 mm), (3) Chamotte (1-3 mm), (4) Chamotte (2-5 mm), (5) Basalt (3-6 mm), and

(6) Basalt (6-10 mm).

Table 2

Chamotte characteristics [30].
Property Value
Chemical analysis
Aluminium oxide (Al,03) 43.02 %
Silicon dioxide (SiO2) 5213 %
Iron oxide (Fe;03) 1.46 %
Titanium oxide (TiO5) 29%
Calcium oxide (CaO) 0.15%
Magnesium oxide (MgO) 0.12%
Sodium oxide (Nay0) 0.05 %
Potassium oxide (K50) 0.16 %
Physical properties
Apparent porosity 3%
Absorption capacity 1.27 %
Bulk density 2.58 g/cm®

between the particles increases due to the bonding bridges established
between particles. As a result, the final compound is more compact and
less porous.

Following previous study [18], this research intends to analyse the
effects induced by thermal cycles on the new innovative concrete
developed. In order to simulate realistic conditions to which the material
is potentially subject once used for high temperature applications,
samples were placed inside an oven model Naberthem (Germany) set to
carry out 25 cycles between 290 °C and 700 °C (Fig. 4). An initial cycle
was used to make the temperature go from 290 °C to 700 °C with a low

(3)
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(6)

Table 3

Basalt characteristics [31].
Property Value
Chemical analysis
Aluminium oxide (Al,03) 14.18 %
Silicon dioxide (SiO2) 42.6 %
Iron oxide (Fe;O3) 5%
Ferrous oxide (FeO) 6.4 %
Titanium oxide (TiO5) 2.8 %
Calcium oxide (CaO) 10.39 %
Magnesium oxide (MgO) 0.19 %
Sodium oxide (Na,0) 3.8%
Physical properties
Apparent porosity 0.75 %
Absorption capacity 0.33 %
Bulk density 2.85 g/cm®

heating rate of 1 K/min. Then, the constant temperature of 700 °C was
maintained for 12 h before switching to natural cooling to return to
290 °C. The second cycle is similar to the previous one, but it was
repeated for other 24 cycles with a heating rate of 15 K/min between
290 °C and 700 °C. With this approach, one full thermal cycle lasted for
about 30 h.

3.3. Analytical methods

The analysis performed on CAC and RC samples aim to evaluate and
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Fig. 2. Appearance of fresh concrete and filling of test specimens.

(¢C)

oc 41—
B255C Cooling inside the oven

50 K/hour
| |

16 h 19h

(hours)

Fig. 3. Temperature profile for the initial heat treatment to obtain RC samples.

compare the main physical, thermal, and mechanical properties of
concrete before and after thermal cycles. First, a visual inspection was
conducted to identify possible visible damage before and after 25 cycles
compared to the initial samples. Indeed, a high level of degradation
cause an alteration of the material properties and indicates poor samples
resistance to high temperatures.

About the physical properties, apparent density, weight loss, and
open porosity were analysed. Both apparent density and weight loss
were evaluated as the average of four different samples of size 50 x 50
% 50 mm°. In particular, weight loss was calculated using Eq. (3):

C _WHC

weight loss [%)] = W 100 3

be

where wp, was the weight of the sample before cycling [g] while wy, was
the weight of the sample after cycling [g].

Porosity tests were performed on three samples of size 50 x 50 x 50
mm?® according to the standard EN 1936:2010 [33] as shown in Fig. 5.
The calculation of porosity involved various steps: first samples were
dried at 70 °C inside an oven (JP SELECTA Digitronic-TFT 2005163)
until the difference between the two weightings at an interval of 24 h is
not greater than 0.1 % of the mass of the sample. The dry weight (md)
was measured in a scale GRAM model AKA 3200. Then, the samples
were introduced in a desiccator to do the vacuum, maintaining the
pressure at 2 + 0.7 KPa for 2 h to remove all the air from the open pores.
Later, maintaining the vacuum, water was introduced gradually to the
desiccator. Once the samples were totally covered, the vacuum was
stopped and maintained the samples in water for 24 h. After this period,
the desiccator was opened and the sample was weighed when in contact

OTHENBERGER

Fig. 5. Porosity measurement setup.
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with water, measuring the hydrostatic weight (my). Immediately after,
the sample was wiped and measured the saturated weight (ms). Open
(Py) was obtained following Eq. (4):

ms —my

PO[%]:TH —my
S

100 ()]

Thermal conductivity was carried out on three pairs of concrete
samples both for CAC and RC after 0 and 25 thermal cycles. The thermal
characterization utilized the Transient Plane Source (TPS) method [34]
following the reference standard UNI EN ISO 22007-2:2015 [35]. The
experimental setup involved the use of the Hot Disk Kapton sensor n.
8563 for room temperature measurements and of Hot Disk Mica sensor
n. 5465 for high temperature measurements. Both sensors were con-
nected to the Hot Disk 25008 and positioned between the flat surfaces of
two identical samples. An electric current was passed through it which
increases the temperature. By recording the temperature versus time, it
is possible to calculate the thermal conductivity of the samples. Thermal
conductivity was evaluated at room temperature, at 300 °C, and at
600 °C using a convection oven and a non-split tube furnace as shown in
Fig. 6.

The second measured thermal property is the specific heat capacity.
The equipment used was the differential scanning calorimetry DSC
model 3+ from Mettler Toledo (Greifensee, Switzerland). The samples
were homogenized through grinding to a powder size of less than 0.063
mm. A cement sample containing 7 + 2 mg was filled into 40 ml
aluminium crucibles. To determine the specific heat capacity, the target
thermal cycle profile was first obtained using sapphire. The thermal
cycle to which the CAC and RC specimens after 0 and 25 thermal cycles
were subjected was set between 15 °C and 400 °C with a heating rate of
10 °C/min. The test was carried out in nitrogen condition at constant
pressure and with a flow of 50 mL/min.

The compressive testing procedure involves the application of a load
to samples side faces using a testing machine Matest (Treviolo, Italy)
according to the UNI EN 1015-11:2019 [36]. During testing, a constant
loading rate of 0.5 MPa/s is maintained until fracture occurs. Accord-
ingly, the compressive strength is determined using the following
formula:

Fe

Re=1600 )

where R, represents the compressive strength in N/mm? F, is the
maximum load applied to the specimen in N, and 1600 is the area of the
platens or auxiliary plates (40 mm x 40 mm).

Finally, the XRD and petrographic analysis were performed. The
crystalline phases of concretes before and after the thermal cycles were
determined with the X-ray diffraction (XRD) test. The diffractometer
Siemens EM-10110BU model D5000 (Munich, Germany) with CuKa

Solar Energy Materials and Solar Cells 285 (2025) 113506

radiation was used for this purpose. The samples were ground into a size
5 powder pm and the following parameters were considered in the test,
position 5-70 26, 0.05 step size and 3 s as scan step time. The inter-
pretation of the data was carried out using PANalytical B.V. software.
Instead, the petrographic analysis served to verify the mineralogical
composition, the microstructure of the samples and the interface be-
tween cement paste and aggregate. The same petrographic analysis
examined the porous structure within the matrix. To obtain the thin
petrographic section, a 50 x 50 mm concrete specimen was stabilized
using epoxy resin and once hardened a cross section, 30 pm thick and
dimensions 50 x 30 mm, is sliced. A “Motic” model binocular lens and a
camera model “Euromex” with 10 MP and a Nikon Eclipse E200 optical
microscope, using the polarized light microscope method, were used to
interpret the data.

4. Results

First the new formulation was developed. The process followed to
obtain the fineness modulus of the aggregates was to sieve them ac-
cording to the series of standardized sieves of ISO 3310-2:1999. Once
the materials were sieved, the results were represented in a graph. On
the ordinate axis, the percentages that accumulated through each sieve
were placed on a decimal scale; on the abscissa, the opening of the sieves
was placed on a decimal logarithmic scale.

In the same graph, the Fuller parabola was represented in green,
which was taken as a reference for the optimal theoretical curve for the
granulometric mixture of the various sizes of aggregates. Fuller parabola
favours compactness, avoiding segregation through homogeneity, of-
fering a good study of the granulometry of the aggregates, which results
in good workability of the concrete in its fresh state [37]. Both the
concrete and refractory industries, in their corresponding dosages, seek
to obtain a structure that is as dense as possible by optimizing the
packing of the material through a detailed study of the particles size to
achieve a low viscosity mixture. Achieving 100 % packing density is
impossible, but careful particle size distribution can control the rheology
and govern the properties of unshaped refractory concretes.

Fig. 7 represents in a dotted line the granulometric curve continuous
in sizes and adjusted to the Fuller parabola that was deduced from the
mixing percentages of the aggregates used: chamotte and basalt. To
consider that a curve is adjusted, it is not necessary that the proportions
of the aggregates for each sieve coincide with all those corresponding to
the theoretical reference curve. It is enough that the areas between the
proposed curve and the reference one, located above and below it,
coincide, which indicates that both curves have the same granulometric
module.

A total of 25 cubic specimens of 100 x 100 x 100 mm were prepared
with the dosage indicated in Table 4. The EN-14647: 2006 standard

(b)

Fig. 6. Thermal conductivity measurement setup: (a) room temperature, (b) convection oven, and (c) non-split tube furnace.
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Fig. 7. Particle size distribution curve adjusted to the Fuller curve.
Table 4

Dosage of concrete selected (laboratory conditions: temperature = 21 °C, rela-
tive humidity = 49 %).

Materials Percentage by volume of Dosage (kg/
aggregates m®)
Chamotte filler (0-0.1 mm) 18 % 335.5
Chamotte filler (0-1 mm) 10 % 186.5
Chamotte sand (1-3 mm) 32% 596.8
Chamotte gravel (2-5 mm) 12 % 223.8
Basalt gravel (3-5 mm) 8% 165.8
Basalt coarse aggregate (6-10 20 % 414.4
mm)
CAC - 425
Water - 170
Super plasticizer (2 % of cement - 8.5
weight)
Total fresh concrete (kg/m®) - 2526.32
Water/cement ratio 0.4
Slump 90 mm

recommends a minimum CAC content of 400 kg/m® to achieve high
initial compressive strengths and compensate for the intrinsic conver-
sion phenomena of CAC [27]. In this study, 425 kg/m® were used
because, when the working temperature is not very high, the ceramic
bonds are partially achieved. In this case, the maximum working tem-
perature is 700 °C, which for a monolithic refractory is a low tempera-
ture. By increasing the cement dosage, the mechanical strength at any
temperature increases.

Different tests were necessary to achieve a fresh concrete of soft
consistency (90 mm) in the Abrams slump test with sufficient work-
ability to adopt the shape of the moulds. The results obtained were
grouped into two variants: a very dry fresh concrete impossible to place;
or a very fluid fresh concrete that could not be accepted either, since it
favoured the segregation of its components, leaving the cement paste on
top (Fig. 8).

Unshaped refractory concretes require certain proportions of water
for their preparation. The amount of mixing water required increases
with the lime content. A significant percentage of water reacts with the
CAC forming hydrated products and the remainder is necessary for
correct placement, although it is not part of the reactions, which gen-
erates porosity in the material after sintering. This reduces the charac-
teristics of refractory concretes subjected to high temperatures. In the
dosage used, the percentage by weight of water represents 6.8 % of the
total, lower than 7 %, which is the maximum limit indicated for un-
shaped refractory concrete with low cement castable (LCC). LCC con-
cretes require a water content of 3-7 % depending on their working
temperature, although all of them are characterized by high density, low
porosity, and high resistance to temperature and corrosion [38].
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Fig. 8. Segregation of the components.

In the dosage presented in Table 4, 28 % of the total volume of ag-
gregates consists of fractions less than 1 mm and 18 % less than 0.1 mm,
very fine chamotte fractions that allow for close contact with the CAC
fractions with sizes less than 0.063 mm. The purpose is to bring the
finest fractions of CAC and chamotte as close as possible to allow,
through contact, the creation of concave and convex surfaces, reaching a
maximum green packing density, minimizing the amount of water used
to fill the voids between particles. This step is important for the for-
mation of the “ceramic bond” which, upon its first use, must transform
an aluminous cement concrete into a refractory concrete based on
aluminous cement and refractory aggregates.

However, for a defined amount of water, the fluidity of unshaped
refractory concrete increases as the fraction of fine aggregates increases
with respect to coarse aggregates. When the percentage of fine particles
is important as in the case at hand, viscosity becomes a critical factor to
consider. The finest fraction of the aggregates is responsible for the
surface forces that occur at the solid — liquid interface and end up gov-
erning the dispersion and rheology of the particles in the fresh concrete.

The different dosage tests carried out in the laboratory resulted in a
strong tendency for the smallest particles to agglomerate, forming weak
groups. To counteract the formation of agglomerates, the amount of
water can be increased, which harms the resistance of the refractory
concrete due to the larger number of pores formed and segregation can
occur when the amount of water is added in excess (Fig. 9). Another
option is the use of dispersing agents that deagglomerate small particles,
resulting in a mixture with good workability and low viscosity. These
dispersing agents are known as superplasticizing additives. Relevant
research has shown that polycarboxylate ethers (PCE) are more effective
additives than polyacrylates (PA) in silica-alumina systems [39,40] Two
polycarboxylate ethers were tested: Sika Viscocrete-20HE and Sika
Viscocrete-90NG. The first is a high-performance superplasticizer suit-
able for structural self-compacting concretes whose results were not as
expected. The second is a new generation, high-performance super-
plasticizer that increased the rheology of the mixture by adding 2 % of
the weight of the cement, the maximum percentage recommended by
the manufacturer.

The analysis of the produced samples started with the visual in-
spection of samples before cycling, that revealed few small surface voids
both for CAC and RC but this characteristic did not influence on the
damage of the samples. Indeed, after cycling there was not the formation
of any superficial microcracks (Fig. 9). The only significant result is the
change in colour after cycling of CAC sample (Fig. 9a) which is similar to
that of RC sample (Fig. 9b). If before cycling grey and black tones are
appreciated, after cycling the relevant tones are clearly earthy, typical of
refractory ceramic materials.

Fig. 10 shows the apparent density values of CAC and RC samples
before and after cycling. CAC has higher initial density than RC samples,
2419.83 kg/m® and 2335.89 kg/m®, respectively, but after 25 cycles it
presents a notable loss up to reaching the value of 2317.49 kg/m? while
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(a)

(b)

Fig. 9. Visual inspection before and after cycling of (a) CAC and (b) RC samples.
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Fig. 10. Apparent density results.

the RC samples remain almost constant with a final value of 2316.41 kg/
m>. This result is confirmed by the weight loss which is approximately 5
% for CAC and 0.3 % for RC, as reported in Table 5.

The porosity values of the CAC and RC samples are shown in Fig. 11
and are in accordance with the density trend. Indeed, the porosity of
CAC increases after 25 cycles, going from values around 6 % to values of
almost 13 % with a notable loss of density. Instead, the RC values remain
constant around 12 %.

Fig. 12 shows the thermal conductivity of the concrete samples (CAC
and RC) measured at room temperature. The thermal conductivity of RC
remains almost constant after 25 cycles, while that of CAC decreases
from 1.66 W/m-K to 1.10 W/m-K after 25 cycles. This result is directly
connected to the CAC samples increased porosity after cycling and,
therefore, to the formation of a more voids and a reduction in the
thermal conductivity.

Subsequently, the thermal conductivity of concrete samples (CAC
and RC) was also measured at 300 °C and 600 °C to analyse the variation
of samples thermal performance at high temperatures. All concrete
samples, except the CAC O samples, showed an increasing trend in
thermal conductivity with temperature (Fig. 13). At 25 °C, the pores of
CAC 0 cycles contain moisture and this influences the thermal

Table 5
CAC and RC weight loss.
Sample Weight loss (%)
Average Standard deviation
CAC 4.99 0.89
RC 0.30 0.01
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Fig. 11. Porosity test results before and after cycling.
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Fig. 12. Thermal conductivity plot of the concrete samples CAC and RC at
room temperature before and after cycling.

conductivity (1.60 W/m-K). At 300 °C, capillary water loss is complete
and the gel water loss of calcium aluminate cement begins, which is
complete at 400 °C. Water loss, whether capillary or combined, can
justify the value of the reduction in thermal conductivity of CAC O cycles
at 300 °C (1.30 W/m-K) [41]. At 600 °C, CAC 25 cycles, RC 0 cycles, and
RC 25 cycles samples showed similar percentage increments (48 %, 48
%, and 50 %) compared to room temperature, respectively. These results
are in agreement with those presented by Verdeja et al. [42], where the
evolution with temperature of the thermal conductivity of
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Fig. 13. Thermal conductivity vs temperature plot of the concrete samples (a)
CAC and (b) RC measured before and after cycling.

silico-alumina refractory materials is shown from 200 °C to 1200 °C; at
600 °C a thermal conductivity of 1.65 W/m-K is assigned.

Further, the thermal conductivity measurements at room tempera-
ture were also performed on three distinct faces of the same pair of RC
samples to verify the homogeneity of the compound. Table 6 shows the
values obtained, proving that the developed samples are isotropic, with
no significant variation in the thermal conductivity across different sides
of the samples.

Fig. 14 reports the variations in the specific heat of CAC and RC
samples obtained during consecutive heating (15 °C to 400 °C) and
cooling (400 °C and 15 °C) cycles, respectively. The specific heat trend
was identical across all samples and increased from ~0.9 to ~1.3 J/g-K
with temperature during the heating cycle. A similar behaviour was
observed during the cooling cycle, but vice versa; the specific heat
values decreased from ~1.3 to ~0.9 J/g-K with temperature. The spe-
cific heat capacity increased after thermal cycling. More in detail,
samples at 0 cycles show values from about 0.9 J/g-K to 1.3 J/g-K

Table 6
Variation of thermal conductivity measured on three distinct faces of the same
pair of RC samples.

Thermal conductivity [W/m-K]

Side 1 Side 2 Side 3 Average Standard deviation

1.15 1.135 1.185 1.157 0.026
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Fig. 14. Specific heat curves of concrete samples CAC and RC before and
after cycling.

between 15 °C and 400 °C. In the same range of temperatures, samples at
25 cycles reached values from 1.0 J/g-K to 1.4 J/g-K.

Table 7 shows the specific heat values of the concrete samples
averaged over the temperature range during the heating and cooling
cycle. The values are found to be almost similar across the developed
concrete formulations.

Mechanical performance is presented in Fig. 15. RC keeps the
compressive strength almost unchanged after 25 cycles, despite the
initial values being much lower than those of CAC (100.42 MPa versus
64.28 MPa). CAC samples reduce their compressive strength by almost
50 % as could be expected from the porosity and density results. The
final compressive strength value after 25 cycles is 51.83 MPa, which is
within the range of high-strength concretes (>50 MPa); this is not a
residual strength.

The reduction in compressive strength is also confirmed by visual
inspection of the tested samples before and after cycling (Fig. 16). RC
samples only broke at the corners while the CAC samples show deeper
damage.

The changes observed in refractory concretes at a macro level must
have an explanation at a micro level. The crystalline phases of the
concretes CAC_0 cycles, RC_0 cycles, and RC_25 cycles are presented in
Fig. 17, through a mineralogical analysis by X-ray diffraction (XRD). The
samples present a large number of crystalline phases with a notable
overlap of the diffraction peaks that makes the interpretation of the
diffractograms difficult.

The hydraulic phases of the CAC cement paste are responsible for
reducing the porosity and increasing the mechanical resistance of the
concrete until the solid-state sintering process begins at around 800 °C
for this dosage. During the first thermal cycle, the dehydration of the
compounds begins and subsequent cycling induces greater chemical
transformations.

Through XRD analysis it can be seen that CAC_0 cycles present a
large number of crystalline phases with a considerable overlap of
diffraction peaks. The incorporation of very fine fractions of kaolin
calcined at 1400 °C (chamotte) as aggregate in the dosage, allows the
identification of mullite (Al4 59Si1.43109.7; PDF 79-1455) as the majority
phase by 13 %, along with quartz low (SiOy; PDF 65-0466) by 14.3 %,
and cristobalite high (SiOo; PDF 85-0621) by 8.2 %, and minor amounts
of hematite (Fe;O3; PDF 87-1164) by 3 % and corundum (Al,Os; PDF
89-3072) by 1.6 %. Peaks of other common minor components of
aluminous cement were also identified, such as gehlenite
(CaySiy 25Al1,7507; PDF 79-2422) by 2 % and brownmillerite ((CaoAl,
Fe+3)20s; PDF 30-0226) by 3 %. In turn, two hydrated crystalline
phases are identified: hydrogarnet (Aly03.(Ca0)s.(H20)6, C3AHg; PDF
76-0557) by 3.4 % and gibbsite (AI(OH)3, AH3; PDF 76-1782) by 2.7 %,
which offer hydraulic bonding and are responsible for increasing the
mechanical resistance until the sintering process begins [43]. The
presence of the stable hydrate C3AHg shows that the concrete at room
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Table 7
Specific heat values obtained for the concrete samples.
Temperature (°C) Specific heat (J/g-K)
CAC 0 cycles CAC 25 cycles RC 0 cycles RC 25 cycles
Heating Cooling Heating Cooling Heating Cooling Heating Cooling
50 0.95 0.96 1.02 1.00 0.97 0.97 1.11 1.04
100 1.01 1.07 1.10 1.09 1.03 1.07 1.20 1.10
150 1.06 1.16 1.17 1.16 1.09 1.14 1.27 1.14
200 1.10 1.22 1.22 1.21 1.12 1.19 1.31 1.17
250 1.14 1.28 1.26 1.26 1.15 1.24 1.34 1.20
300 1.18 1.32 1.29 1.30 1.18 1.28 1.35 1.24
350 1.25 1.35 1.35 1.34 1.24 1.31 1.36 1.29
400 1.36 1.36 1.39 1.39 1.29 1.29 1.36 1.36
Average 1.13 1.21 1.23 1.22 1.13 1.19 1.29 1.19
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Fig. 15. Mechanical results before and after samples cycling.

temperature has already started the conversion reaction to transform
into a stable cubic network, releasing a large amount of water through
evaporation. Simultaneously, the stiffening of the gibbsite occurs, which
crystallizes and contributes to the permeability of the structure [44].
From this moment, and as long as the conversion process does not
progress, there are no significant changes in the physical properties of
the concrete.

The XRD of the first thermal cycle that reaches 800 °C and initiates
the main transformations of the crystalline phases is shown in Fig. 18b.
The diffractogram does not detect the two aforementioned hydrated
crystalline phases. On the other hand, it does detect mayenite

(Caj2Al14033; PDF 78-0910) by 1.6 % and calcium monoaluminate
(CaAl;04, CA; PDF 70-0134) by 11.4 %, which are anhydrous phases.
Probably the water content remaining in the material was reduced by
evaporation and boiling. These main anhydrous phases are similar to
those reported in white aluminous cement concretes with 50 % by
weight of AlyO3 [45]. Likewise, the anhydrous crystalline phases ob-
tained agree with those of other studies on the thermomechanical
behaviour of CAC at temperatures above 450 °C [46] and even after 25
cycles up to 550 °C [47]. The diffractogram also detects gehlenite
(CaySiy 25Al1,7507, C2AS; PDF 79-2422) by 1.6 %, a crystalline phase
where SiO,, Ca0O, and AlyO3 appear for the first time in combination,
which are oxides always present in the composition of a silicoaluminous
refractory concrete.

After 25 thermal cycles (Fig. 18¢), the diffractogram does not detect
the previously described mayenite, gehlenite or calcium mono-
aluminate, which are the result of the dehydration of the CAC cement
and necessary for the formation of the ceramic bond. Only the finest part
of the chamotte aggregates participates in the ceramic bond formation
reaction depending on the temperature reached. The products that
generally appear above 800 °C are anorthite (Ca0O.Al;03.2Si05; CAS3)
and gehlenite (2Ca0.Al;03.Si0O9; CAS) [48]. However, the diffracto-
gram detects the stable hydrate gibbsite (AI(OH)3 AHgz; PDF 76-1782)
by 2.1 %.

As the cycling and its corresponding thermal treatment are carried
out, the formation of the mullite phase (Al4 50Si1,4109,7; PDF 79-1455)
increases in percentage, i.e. it reaches 13 %, 18.2 %, and 24.7 %, for
CAC_0 cycles, RC_0 cycles, RC_25 cycles, respectively. The mullite-type
silicate phase is notable because, in these refractory concretes, it resists
to high temperatures and thermal shock due to the strong reaction be-
tween alumina (Al;O3) and silica (SiO5).

Four thin petrographic sections were made to check the

(2)

10

(b)

Fig. 16. Mechanical damage on CAC an RC samples (a) before and (b) after cycling.
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RE13050017.raw R9768 (CAC-0-27-0cycles)
PDF 76-0557 (Tune Cell) A203(Ca0)3(H20)6 Hydrogamet, syn; (1,160); 3,4%
PDF 88-1535 (Tune Cell) SiO2 Tridymite - low; (1,610); 2,3%
PDF 65-0466 (Tune Cell) SiO2 Quartz low, syn; (3,320); 14,3%
PDF 79-1455 (Tune Cell) Al4.59Si1.4109.7 Mullite, syn; (0,830); 18,2%
PDF 87-1164 (Tune Cell) Fe203 Hematite; (3,260); 3,0%
PDF 85-0621 (Tune Cell) SiO2 Cristobalite high; (5,790); 8,2%
PDF 89-3072 (Tune Cell) AI2O3 Corundum, syn; (2,630); 1,6%
PDF 75-1092 (Tune Cell) CaMgSi206 Diopside; (0,940); 7.6%
| PDF 79-1149 (Tune Cell) Na.499Ca.491(Al1.488Si2.50608) Andesine; (0,560); 16,9%
PDF 30-0226 (Tune Cell) Ca2(Al,Fe+3)205 Brownmillerite, syn; (1,320); 3,0%
PDF 79-2422 (Tune Cell) Ca2(Mg0.25A10.75)(Si1.25A10.7507) Gehlenite magnesian, syn; (2,460); 2,0%
PDF 70-1868 (Tune Cell) KAMgO0.2AI10.8)(Al0.42Si3.58)010(OH)2 Muscovite magnesian 1M, syn; (0,790); 6,4%
PDF 79-0761 (Tune Cell) (Mg,Fe)5AK(Si3AI010(OH)8 Clinochlore 11b-2; (0,700); 7,2%
PDF 76-1782 (Tune Cell) AI(OH)3 Gibbsite; (1,820); 2,7%
PDF 88-1410 CaAl2((OH)8(H20)2)(H20)1.84 Calcium Aluminum Hydroxide Hydrate; (9,530); 0,6%
PDF 76-0907 (Tune Cell) Na(AISi206)(H20) Analcime; (1,250); 2,2%

| !

/| |
| | [ ]
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(a)

RE13050004.raw R9761 (RC-0-43-Ocycles)

PDF 88-1535 (Tune Cell) SiO2 Tridymite - low; (1,610); 1,2%

PDF 65-0466 (Tune Cell) SiO2 Quartz low, syn; (3,320); 8,8%

PDF 79-1455 (Tune Cell) Al4.59Si1.4109.7 Mullite, syn; (0,830); 12,9%

PDF 87-1164 (Tune Cell) Fe203 Hematite; (3,260); 2,4%

PDF 85-0621 (Tune Cell) SiO2 Cristobalite high; (5,790); 5,1%

PDF 89-3072 (Tune Cell) AI203 Corundum, syn; (2,630); 1,5%

PDF 75-1092 (Tune Cell) CaMgSi206 Diopside; (0,940); 31,5%

PDF 79-1149 (Tune Cell) Na.439Ca.491(Al1.488Si2.50608) Andesine; (0,560); 14,6%

PDF 30-0226 (Tune Cell) Ca2(Al,Fe+3)205 Brownmillerite, syn; (1,320); 2,6%

PDF 79-2422 (Tune Cell) Ca2(Mg0.25A10.75)(Si1.25A10.7507) Gehlenite magnesian, syn; (2,460); 1,6%
PDF 78-0910 (Tune Cell) Ca11.3A114032.3 Mayenite, syn; (2,170); 1,6%

PDF 70-1868 (Tune Cell) KAI(Mg0.2A10.8)(Al0.42Si3.58)010(OH)2 Muscovite magnesian 1M, syn; (0,790); 4,9%
PDF 70-0134 (Tune Cell) CaAl204 calcium dialuminium oxide | Calcium Aluminum Oxide; (0,610); 11,4%

- e .

2Theta (Coupled TwoTheta/Theta) WL=1.54060

(b)

Fig. 17. XRD of a) CAC_0 cycles, b) RC_0 cycles, and ¢) RC_25 cycles.
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RE13050015.raw R9772 (RC-0-51-25¢ycles)
PDF 88-1535 (Tune Cell) SiO2 Tridymite - low; (1,610); 1,9 %

PDF 65-0466 (Tune Cell) SIO2 Quartz low, syn; (3,320); 12,2 %

PDF 79-1455 (Tune Cell) Al4.59Si1.4109.7 Mulite, syn; (0,830); 24,7 %

PDF 87-1164 (Tune Cell) Fe203 Hematite; (3,260); 3,6 %

PDF 85-0621 (Tune Cell) SiO2 Cristobalite high; (5,790); 6,3 %

PDF 89-3072 (Tune Cell) ARO3 Corundum, syn; (2,630); 1,8 %

PDF 75-1092 (Tune Cell) CaMgSi206 Diopside; (0,940); 11,3 %

PDF 79-1149 (Tune Cell) Na.499Ca.491(Al1.488Si2.50608) Andesine; (0,560); 24,5 %

PDF 30-0226 (Tune Cell) Ca2(Al,Fe+3)205 Brownmillerite, syn; (1,320); 3,1 %

PDF 70-1868 (Tune Cell) KAI(Mg0.2AI10.8)(AI0.42Si3.58)010(0H)2 Muscovite magnesian 1M, syn; (0,790); 4,9 %
PDF 76-1782 (Tune Cell) AOH)3 Gibbsite; (1,820); 2,1 %

PDF 72-2127 (Ca1.53Na0.51)Mg0.39A10.41Fe0.16)Si2.007 Akermanite; (2,360); 2,4 %

PDF 76-0907 (Tune Cell) Na(AISi206)(H20) Analcime; (1,250); 1,3 %

50 60 70 80

2Theta (Coupled TwoTheta/Theta) WL=1.54060

(c)

Fig. 17. (continued).

(a)

(b)

mineralogical composition and the microstructure of the samples,
identifying the interface between the cement paste and the aggregate, as
well as to examine the porosity in the concrete matrix. The stabilized
sheets are shown in Fig. 18.

At amacro level, no relevant colour changes of the materials are seen
between the four sheets studied. In all of them, the intense black colour

12

| -RC 066 —>_ 3

(c) (d)

Fig. 18. Petrographic thin section of the concrete samples: (a) CAC before cycling, (b) CAC after cycling, (c) RC before cycling, and (d) RC after cycling.

of the basalt aggregate and the range of white and grey colours of the
chamotte aggregate can be observed, in similar proportions. The union
of the various granulometries formed by the CAC cement paste does not
seem to be significantly different after the thermal cycling of the
samples.

Fig. 19 presents the petrographic analysis that determines the state of
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the interface between the aggregates and the CAC cement paste before
and after its thermal cycling in the samples CAC_0 cycles, RC_0 cycles,
and RC_25 cycles. CAC_0 cycles is a concrete without heat treatment and
whose bonds are hydraulic. RC_0 cycles is a concrete that underwent one
thermal treatment cycle with the aim of developing ceramic bonds and
transforming into a silico-aluminous refractory material. The RC_25
cycles underwent 25 thermal cycles.

The images stand out for the large amount of aggregate compared to
the cement paste. The aggregates are angular and of low sphericity,
according to the classification by Dapples et al. [49] and modified by
Powers [50]. In this closer image, a change in colour of the basalt is
observed, which changed from intense black to brown tones. In the
image corresponding to RC_0 cycles captured with a binocular magni-
fying glass, it is observed that the union between the CAC and the
chamotte aggregate is more cohesive than the union between the CAC
and the basalt, since retraction cracks are observed in the union with the
volcanic arid (indicated with blue arrow in RC_0 cycles). Apparently, a
larger aggregate size leads to greater microcracking at the interface.

Other authors, such as John et al. [51], also highlighted this
behaviour and suggested that it could be attributed to the difference in
thermal expansion between the aggregates and the cement paste. In the
same image, two small cavities were indicated with a green arrow that,
despite the compaction vibration of the test tube, were not filled when
the concrete was in a fresh state. A higher porosity is observed in the
RC_25 cycles image compared to RC_O cycles, with contact losses be-
tween aggregates that can reach values of 1 mm (indicated with a blue
arrow in RC_25 cycles). These pores always form around the basalt and
never around the chamotte. It should be noted that, after 25 cycles, no
breakage cracks are observed that cut the aggregates and the degassing
pores were not modified. In this case, it can be stated that the thermal
properties of the different minerals that make up this concrete are
similar and do not decompose at high temperatures.

Fig. 20 shows the petrographic analysis that determines the state of
the interface between the aggregates and the cement paste CAC_25 cy-
cles and RC_25 cycles.

The black spots that can be seen are pores that have formed after 25
thermal cycles. In both concretes, the pore density is very similar and
they didn’t increase in size or become interconnected. These images
show that, most probably, the thermal treatment performed with the
CAC_0 cycles sample to convert it into RC_0 cycles is not necessary, so
this intermediate step can be avoided.

In stone materials, the predominant heat transfer mechanism is
conduction. However, in high-porosity materials and at high tempera-
ture, radiation can significantly contribute to heat transfer in the pores.
The thermal conductivity of stone materials is a function of their nature,
microstructure, porosity, and working temperature [52]. In this sense, a
high concrete density has a positive effect on the thermal storage process
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because it increases its thermal energy storage capacity. Thermal shocks
during cycling can cause the formation of cracks and/or fissures along
the interface and even permanent deformation in the analysed material.
The level of cracking observed is related to the temperature reached, the
number of cycles carried out, the anisotropic expansion of the minerals,
and the low adhesion between the CAC paste and the basalt aggregate,
especially the larger sizes between 6 and 10 mm incorporated in the
concrete dosing.

A closer inspection of the concrete samples CAC_25 cycles and RC_25
cycles are presented in Fig. 21, where the microstructure of the materials
is observed in greater detail. Two types of optical polarization micro-
scope images were used, with the aim of showing the achievements
more clearly. The white colour shows the pores and fractures in the
petrographic sheet, while the rest of colours are related to the different
minerals of the compound.

It is significant that, in both CAC_25 cycles and RC_25 cycles,
spherical pores were detected, which help prevent the propagation of
internal cracks by relaxing stresses. Regarding the type of cracks formed
after 25 thermal cycles, these are concentrated at the interface around
the basalt aggregate (6-10 mm), evidencing a weak bond in the CAC
paste as a result of the released water and its consequent structural
contraction.

However, this limited refractoriness is not observed in the other parts
of the sample, where the CAC paste remains attached to the chamotte
aggregate and the basalt aggregate (3—-6 mm). This might be because the
granulometry of the aggregates allows an optimal contact between
particles and, in addition, thermal cycling could have consolidated the
solid-state sintering mechanism of the silico-aluminous refractory
material.

5. Discussion

Table 8 reports the comparison among the most significant test re-
sults of CAC and RC samples. The relative variation (A%) in any of the
sample properties (x) was calculated following Eq. (6):

A% ="2"% 100
Xr

©

The evaluation of the variation before and after the thermal cycles
(Ac%) was conducted considering x; as the 0 cycles value and x; the 25
cycles value. The variation between CAC and RC samples (As%) was
calculated attributing the value of CAC sample to x; and of RC samples to
Xf.

CAC has higher initial density values but after 25 cycles the porosity
increases reaching the same RC values which instead remain constant
after cycling. This also affects the thermal conductivity and compressive
strength of CAC which are reduced by 33 % and 48 % respectively. Both

Fig. 19. Binocular loupe images of the concrete samples: (a) CAC before cycling, (b) RC before cycling, and (c) RC after cycling.
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(b)

Fig. 20. Images of the concrete samples: (a) CAC after cycling and (b) RC after cycling.

Fig. 21. Detailed images of the concrete samples: (a) CAC after cycling and (b) RC after cycling.

values after 25 cycles are however good especially if compared to that of
the previous study [24] in which the compressive strength values only
drop to less than 30 MPa after 10 treatment cycles due to the higher
initial porosity (11 % versus just over 6 %). CAC sample after 25 cycles
which worsens the thermal and mechanical performances, initially
better than the RC. On the contrary, RC sample appears to be more stable
as highlighted by the As% values assumed after the cycling for thermal
conductivity and compressive strength. These results demonstrate that
the new mix design is better suited to withstand high temperature ap-
plications. Concrete developed to be used as TES material, such as this
one, should have enough mechanical performance to ensure that the TES
tank will have the required self-preservation. One should remember that
an ideal TES tank will not have any encapsulation that might give the
TES component the required mechanical stability.

The increase in temperature inside the refractory concrete leads to
changes in its physical properties that modify the mechanical properties
of the material. The most relevant physical properties are thermal
expansion, which depends mainly on the type of aggregate used; the
porosity that occurs in the cement paste with increasing temperature;
the density that is reduced basically by the loss of weight due to dehy-
dration; and, the permeability that with increasing temperature is
related to the level of degradation of the refractory concrete and the

14

formation of microcracking [53]. These alterations lead to important
changes in the mechanical properties of refractory concrete, affecting its
compressive strength, tensile strength and yield strength. The increase
in temperature causes a weakening of the paste-aggregate bond, leading
to an increase in microcracking with the consequent loss of compressive
strength. Tensile strength provides an order of magnitude of the capacity
of a refractory concrete to resist cracking and is a parameter with greater
sensitivity than compressive strength to the effects of temperature.
Establishing analytical relationships between compressive strength and
tensile strength of refractory concrete at high temperatures is not easy
[54]. However, an analytical relationship between tensile and
compressive strength for concretes with characteristic compressive
strength < C50/60 MPa can be found in the standard EN 1992-1-1:2013
[55]:

2
fm =0.30£,"> ~ 10%f

where f.m, is the average tensile strength of concrete and fi is the
characteristic compressive strength of concrete.

That is, the average tensile strength of concrete is approximately 10
% of the compressive strength of concrete. The higher the compressive
strength, the higher the tensile strength. The increase in temperature
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Table 8

Comparison of the main CAC and RC samples results.
Sample 0 cycles 25 cycles Ac%
Apparent density (kg/m%)
CAC 2419.83 2317.49 4.2
RC 2335.89 2316.41 0.8
As% 3.47 0.05 -
Open porosity (%)
CAC 6.26 12.74 —103.6
RC 11.70 12.36 —-5.6
As% —86.90 3.02 -
Thermal conductivity — Room temperature (W/m-K)
CAC 1.66 1.10 33.5
RC 1.14 1.15 —-0.6
As% 31.15 —4.11 -
Thermal conductivity — High temperature (W/m-K)
CAC 1.84 1.63 11.4
RC 1.69 1.73 —-2.4
As% 8.15 —6.13 -
Compressive strength (MPa)
CAC 100.42 51.83 48.4
RC 64.28 52.55 18.3
As% 35.99 -1.39 -

Where Ac% is the variation before and after the thermal cycles, and As% is the
variation between CAC and RC samples.

inside the refractory concrete causes thermal expansion which translates
into internal tensile stresses in the material causing microcracking,
fissuring and possible decomposition. In refractory concrete, the pre-
dominant heat transport mechanism is conduction. Any microcrack or
discontinuity in the material represents a loss of conduction, since the
radiation that could occur in the cracks and/or pores is irrelevant.

The key results indicate that the initial heat treatment successfully
achieved the ceramization of the new concrete formulation. Addition-
ally, the thermal cycles performed are able to replicate the effects of the
initial heat treatment. This suggests that in a real TES tank, the initial
heat treatment may not be necessary, provided users can ensure that the
temperature range and the heating and cooling rates of the thermal
cycles closely match those of the initial treatment.

Moreover, the thermo-physical and mechanical properties of the new
refractory concrete remain largely unaffected by the thermal cycles.
Both its thermal conductivity and compressive strength demonstrate
highly promising values for high-temperature TES applications.

The use of the concrete proposed in this study in bulk form is
beneficial for the practical application because it is able to prevent
several issues identified in a previous study related to the use of concrete
for high temperature TES [7]. Specifically, the concrete can be used in a
new modular design proposed in Ref. [7], which means that it doesn’t
require to be produced on-site (avoiding a few problems with on-site
production, as described in Ref. [7]), it doesn’t require the use of
pipes for the heat transfer fluid (thus avoiding the issue of different
thermal expansion coefficient of steel and concrete), it allows to use air
as heat transfer fluid (thus avoiding the issue of compatibility between
the heat transfer fluid - thermal oil or molten salts — and concrete, which
moreover have limited operating temperature range), and solves the
issue of oil/salt migration because of the direct contact with the con-
crete. The only issue that is not fully solved by the new concrete is its
relatively low thermal conductivity, but this issue will be addressed in a
future study. In addition, if the thermal conductivity of the concrete
formulation can be enhanced, the modular design would also avoid the
poor heat transfer problem associated with the gaps that might exists
between the concrete modules that are stacked with each other. For the
real application, the size and shape of the module and air channel should
be optimised to achieve a good overall heat transfer of the concrete TES
tank, which is out of the scope of this study, but will be addressed in a
future publication.
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6. Conclusions

In this study, a new concrete mix design containing refractory ag-
gregates was produced and analysed in terms of thermo-physical, me-
chanical, and microstructural properties before and after 25 thermal
cycles to simulate real application conditions at high temperatures. A
comparison was performed between non-heat-treated (CAC) and heat-
treated (RC) samples, but also between the CAC new mix design and
the previous ones with silico-calcareous and steel-slag aggregates. Re-
sults demonstrated a better resistance to damage of the RC samples,
which maintain their thermo-mechanical performance and porosity
almost unchanged. The CAC samples worsen their initial behaviour but,
after 25 thermal cycles, they reach values comparable with the RC
samples and higher than the samples used in previous studies. Therefore,
this new concrete formulation proved to have a very high potential to be
used as TES material at high temperatures.

The main limitation of this study is the relatively low number of
thermal cycles performed with the samples. Therefore, performing
additional thermal cycles with the refractory concrete samples could be
the objective of future studies. Further investigation will also focus on
different ways to enhance even more the thermal conductivity and/or
compressive strength, by using different components with additives with
high thermal conductivity. Moreover, compatibility of the new re-
fractory concrete with heat transfer fluids used in CSP plants will also be
investigated.
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