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d. This is
A B S T R A C T

In the latest years, the interest about Phase Change Materials (PCM) in building applications
grew in force of their capability to adsorb heat and limit in-out building heat exchanges. The
main problem is how to introduce PCM into the building envelope, also in case of ventilated
façades. For this purpose, a ceramic foam was studied. Two different batches based on
porcelain stoneware and soda-lime glass scraps were prepared to understand the involved
bloating phenomena. Suitable bulk density and porous microstructure were achieved by
adding a foaming agent and batch optimization. Specimen size was scaled up (from ; 3 cm
to 15 � 15 cm) and its effect on bloating, PCM incorporation, and thermal properties was
studied. Furthermore, different firing temperatures and heating rates were evaluated. The
whole study was focused to disclose possible drawbacks in the industrial transfer of the
PCM-bearing composite production.
© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The most energy consuming sector in the European Union, responsible of about the 36 % of the produced carbon dioxide,
is the building sector [1]. The continuous increase of the urbanization combined with the global warming phenomenon, that
is leading to a fast growth of indoor cooling, requires a transition from traditional structures to Nearly Zero-Energy edifices
[2,3]. Among the different technological solutions to improve the thermal comfort, Phase Change Materials (PCM) can play
an important role [4]. With this purpose, the scientific literature has focus the attention on PCM – enhanced building
applications, from both modelling and experimental perspectives [5–7]. In force of the high energy storage density of these
latent heat-based systems, it is possible to reduce the gap between energy demand and supply [8,9]. The effect related to the
incorporation of PCM within the building envelope was already studied [10–12].

Respect to other materials, organic compounds (like paraffins and fatty acids) have several advantages, like no
solidification subcooling, low hysteresis and higher stability [13,14]. To ensure the full solidification and regeneration during
the hot season, the implementation into ventilated façades can be realized [15–17].

The inclusion of PCM can be achieved by different techniques, like direct incorporation [18], immersion [19]
encapsulation [11,20,21] and shape stabilization [22]. Cement, mortars, and perforated bricks are the most studied materials
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[12–26], while studies considering the use of PCM in porous tiles are rather scarce [27]. Among the possibilities mentioned,
only the immersion technique can be used to incorporate PCM into a ceramic porous structure, improved by operating under
vacuum [28–30]. The pore formation in a ceramic matrix can be achieved by adding several additives [31,32]. A foaming
agent can be used to obtain a large porosity useful for PCM storage. To improve bloating, the addition of glass scraps can be
tuned [33]. The production of glass-based foams must face several problems correlated to the difficult predictability of
bloating and shape stability that complicate scale-up procedures [34]. Despite the increasing literature, nowadays there are
not conclusive experimental studies that concern PCM on real scale building applications. Numerical modelling and pilot
devices remain today the most used tools for assessing the behaviour of the PCM in construction [35–38]. The goal of this
work is to obtain PCM-containing lightweight ceramic tiles for ventilated façades in view of industrial production. The main
focus of the work was primarily pointing out the effects of process parameters and scale up on the bloating phenomenon and
on the fired properties involved in the definition of thermal characteristics.

2. Materials and methods

The choice of materials was aimed at facilitating the technological transfer to industry and the reuse of wastes. Starting
from a commercial porcelain stoneware spray-dried powder, mixtures were obtained by dry mixing with other components.
Soda-lime glass scraps were added in order to achieve bloating in a temperature range compatible with the industrial
practice. Cullet glasses were previously crushed and sieved till particle size lower than 100 mm. The chemical composition of
raw materials is reported in Table 1.

Bulk density and thermal conductivity for porcelain stoneware specimen fired at 1150 �C are reported in Table 2. The
uncertainty associated to the thermal conductivity value was estimated by using the model developed in [39].

Polishing sludges, generally containing some SiC from abrasive tools that acts as expanding agent, were reproduced by SiC
addition. To boost bloating, a second mixture was prepared by addition of dolomite. Both formulations are reported in
Table 3.

A water solution of polyethylene glycol (PEG, 3% w/w) was added to favour particles adhesion during shaping to all the
formulations (6 wt%). Samples were formed by uniaxial pressure (15 MPa): circular specimens were pressed with a
laboratory hydraulic press (Nannetti) by using molds of 30 or 60 mm in diameter; rectangular and square tiles were obtained
by a customized press (Giuliani) using 115 � 120 mm and 150 � 150 mm molds. Once dried at 120 �C for 8 h, specimens were
fired at 950, 1000, 1075 and 1150 �C. Two different thermal cycles with electric kiln were set up. To simulate the industrial
conditions, fast firing was carried out by heating at 40 �C/min till maximum temperature, maintained for 5 min. To point out
the effect of process parameters, also a slow firing process was performed, with a heating rate of 2.5 �C/min till maximum
temperature without any dwell time. The phase composition was determined by X-ray powder diffraction (Bruker, D8
Advance with LynxEye detector, 0.02�2u sampling interval over the 10�100�2u range). The experimental error is within 2 %
relative. Fired specimens were characterized by water absorption, total porosity, bulk density (ISO 10545-3) and linear
bloating, as 100�(Lf-Lm)/Lm, where Lf is the diameter/length of the fired sample and Lm is the mold diameter/length.
Microstructure was studied using a digital microscope HIROX RH-2000. To prevent obstacles to impregnation due to air
presence within porosity, rectified foams were immersed into melted PCM, under vacuum, for 30 min. After impregnation,
the excess of PCM on the surface specimen was manually removed and the specimens were cooled and conserved at about
4 �C. An impregnation efficiency parameter was defined as: volume of PCM impregnated / volume of the specimen * 100.

The thermal performance was determined by means of a guarded heat flow meter (DTC 300, TA Instrument) on rectified
specimens with diameter of 50.8 � 0.3 mm and thickness of 7.5 mm. This test method is based on a steady-state technique for
assessing the resistance to thermal transmission (thermal resistance) of samples with thickness lower than 25 mm. The
thermal resistance and the thermal conductivity of the samples were evaluated taking into account an average test
temperature of 10 �C and after calibrating the guarded heat flow meter on reference samples with certified properties.
Available calibration samples are characterized by thermal resistance values ranging from 0.0005 to 0.05 m2 K/W. During the
experimentation, the sample to be tested is held under a reproducible compressive load between two polished metal
surfaces, each controlled at a different temperature so that heat can flow through the test stack. The compressive axial load,
which is provided through a pneumatic cylinder, is necessary to minimize the interface thermal resistance and to produce
during testing the same sample contact resistance as during calibration. The lower contact surface is part of a calibrated heat
flux transducer. An axial temperature gradient is established in the stack as heat flows from the upper surface through the
sample to the lower surface. A guard surrounding the test stack is kept at the uniform mean temperature of the two plates, so
as to minimize lateral heat flow to and from the stack. After reaching thermal equilibrium, the temperature difference across
the specimen is measured together with the output from the heat flow transducer. These values and the specimen thickness
are then used to calculate the thermal conductivity. The thermal conductivity of the PCM was measured by means of the
aforementioned heat flow meter (DTC 300, TA Instrument), while the melting and the solidification temperatures together
with the latent heat capacity of melting and freezing of the PCM were experimentally determined by employing a Differential
Scanning Calorimeter (DSC 250, TA Instrument). The DSC analysis were carried outby employing a heating ramp between
0 �C and 60 �C and a cooling ramp - between 60 �C and 0 �C- so as to assess the melting and solidification points, with relevant
temperatures and latent heats, respectively. The heating and cooling rates were equal to 10 �C/min. The DSC 250 apparatus is
based on Modulated DSC (MDSC), a technique for measuring the difference in heat flow between a sample and an inert
reference as a function of time and temperature. In MDSC a different heating profile (temperature regime) is applied to the
2



Table 1
Chemical composition of tested materials.

Wt% Porcelain stoneware Soda-lime glass

SiO2 73.41 � 0.20 71.70 � 0.20
TiO2 0.67 � 0.05 0.07 � 0.01
Al2O3 17.08 � 0.20 2.70 � 0.05
Fe2O3 1.47 � 0.05 0.42 � 0.05
MgO 0.51 � 0.05 2.00 � 0.05
CaO 0.99 � 0.05 9.49 � 0.01
Na2O 3.37 � 0.10 12.40 � 0.20
K2O 1.94 � 0.10 1.01 � 0.05

Table 2
Physical properties for stoneware specimen fired at 1150 �C.

Bulk density [g/cm3] Thermal conductivity [W/mK]

1.91 � 0.01 0.78 � 0.04

Table 3
Formulation of experimental bodies.

Raw materials [wt%] Sample A Sample B

Porcelain stoneware 49 39
SiC 1 1
Soda-lime glass 50 50
Dolomite – 10
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sample and reference. In particular, a sinusoidal modulation (oscillation) is overlaid on the conventional linear heating or
cooling ramp in order to determine a profile where the average sample temperature continuously changes with time, but not
in a linear manner. By imposing this more complex heating profile on the sample, the same effect is obtained as if two
experiments were conducted simultaneously on the material - one experiment at the traditional linear (average) heating rate
and one at a sinusoidal (instantaneous) heating rate. On the basis of the above-described procedure, the MDSC method has
several significant advantages compared to conventional DSC, such as:
- 
Separation of complex transitions into more easily interpreted components

- 
Improved resolution without compromising sensitivity

- 
Improved sensitivity to detect weak transitions

- 
Determination of heat flow and heat capacity in a single experiment

The elaborations were performed through the TRIOS Software (TA Instruments).

3. Results and discussion

3.1. Foam optimization

The sole addition of SiC to porcelain stoneware did not induce bloating between 950 and 1150 �C. To obtain SiC oxidation,
glass scraps were added to the formulation, leading to achieve an adequate amount of a low viscosity melt in the desired
temperature range [34]. In fact, the addition of glass favors the reactivity of SiC particles [40]. Both batches were fired from
950 to 1150 �C, mimicking the industrial process with the fast firing rate. As observed by XRD analysis, for both systems the
higher the firing temperature, the larger was the amount of the vitreous phase (Table 4). This trend is slightly more
pronounced in the B mixture. Both formulations show bloating throughout the range studied but with different extents. The
effect of batch formulation on the obtained microstructure as a function of firing temperature is reported in Fig. 1.

A first common aspect is the role played by the ceramic powder. It is easy to see that at lower temperatures particles
spray-dried powders act as a sort of skeleton, and reactions with the glassy phase seem to be limited. At 950 �C, both
formulations show a scarce bloating, characterized by the presence of small pores, up to 1 mm in diameter. The addition of
dolomite caused a simultaneous increase in pore size (up to 5) and number of smaller pores (<10 mm).

The dissolution of SiC is constrained by high viscosity of the melt that reduced the bloating efficiency [34]. The
temperature growth promoted bloating, especially in the B batch. This effect is conspicuous for all specimens fired at 1150 �C.
Such a high temperature fostered a dissolution of spray-dried agglomerates and reduced the melt viscosity, promoting SiC
3



Table 4
Phase composition (wt%) of A and B bodies as a function of firing temperature.

Firing temperature 950 �C 1000 �C 1150 �C

Batch A B A B A B

Quartz 12.5 � 0.2 11.5 � 0.1 12.4 � 0.3 9.9 � 0.1 10.6 � 0.2 8.8 � 0.1
Wollastonite 4.2 � 0.1 4.6 � 0.1 4.3 � 0.1 5.2 � 0.1 – 3.5 � 0.1
Plagioclase 8.5 � 0.2 10.9 � 0.2 8.6 � 0.2 10.3 � 0.2 7.8 � 0.1 6.0 � 0.1
K-feldspar 3.4 � 0.1 2.1 � 0.1 0.5 � 0.1 2.2 � 0.1 – –

Illite 0.6 � .01 2.1 � 0.1 – – – –

Vitreous phase 70.8 � 0.7 68.8 � 0.6 74.2 � 0.7 72.5 � 0.5 81.6 � 0.3 81.7 � 0.3
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reactivity and eventually bloating. The body A exhibits a texture with pores up to 15 mm, while for the B mix the pore size is
importantly increased by dolomite breakdown, forming pores up to 20 mm.

The dolomite decomposition enhanced the specimen bloating [41]. A secondary porosity is observed, formed by small
pores (<1.5 mm) within the septa between bigger bubbles. As a result of the larger expansion, septa in the B specimen appear
Fig. 1. Effect of firing temperature on macro and microstructure for A and B formulations; mold Ø 3 cm – rapid firing cycle. Microstructures color guide;
white: ceramic agglomerates; gray: glassy matrix; black: pores.
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to be thinner, generating an interconnected secondary porosity. The combination of skeleton dissolution and melt viscosity
reduction led to a progressive structural collapse.

The effect of firing on the specimen properties can be followed by taking bulk density as a proxy, fundamental to optimize
materials bloating (Fig. 2). The minimum bulk density registered by the A formulation was increased after the addition of
dolomite. Its decomposition leads to a second independent bloating mechanism, shifting the optimal temperature from 1000
to 1075 �C. The SiC oxidation increased the internal gas pressure, boosting the specimen expansion and favoring the
formation of an open porosity. At the same time, pores size and shape depend on viscosity and surface tension of the melt,
which control bubbles growth and coalescence [44].

The microstructure of the two batches at the minimum bulk density is clearly different, due to distinct bloating
mechanisms, gas amounts available and glassy phase properties. As the bloating observed is ruled by kinetics, heating rate
plays an important role in the determination of final microstructure. A drastic increase of firing time favors as the carbide/
carbonate decomposition, as the pore expansion, ultimately favoring bloating. When fired at 1075 �C with a heating rate of
2.5 �C/min, each formulation underwent to a similar bloating, which gave rise to a bulk density reduction slightly more
important for the A mix than the B one (Table 5).

As reported for the B samples, the gas leakage through the interconnected porous structure is favored by the higher firing
time at 100 �C (Fig. 3). Indeed, the presence of a sintered glass layer at 1075 �C retained the formed gas, achieving a more
efficient bloating [41]. By the way, no further improvement occurred by increasing the temperature, due to the progressive
specimen collapse.

3.2. PCM properties

The DSC analysis for PCMs was carried out on three samples, tested at the same conditions. Fig. 4 shows the DSC
thermogram of one of these specimens. It can be clearly observed a peak (minimum) corresponding to the melting
temperature of the PCM and a peak (maximum) corresponding to the solidification temperature of the PCM. The melting and
solidification temperatures, obtained as the average value of the measures performed on three specimens, resulted equal to
29.9 �C and 19.3 �C, respectively, while the heat capacity of melting and freezing, obtained as the average value of the three
specimens, resulted equal to 205 kJ/kg and 203 kJ/kg. The measures performed in DTC allowed to determine the thermal
conductivity of PCM that resulted equal to 0.216 W/mK in liquid phase and 0.280 W/mK in solid phase.

3.3. PCM impregnation and thermal properties

Several aspects must be considered to define the conditions necessary to obtain an optimized composite product. The
final thermal properties are not only related to number and size of pores, but most importantly to the quantity of PCM that
can be incorporated in the ceramic foam, defined as impregnation efficiency. In order to point out the effect of firing cycle
parameters on impregnation efficiency, A and B samples were fired at 1075 �C and 1150 �C using both rapid and slow firing
cycles. Fired specimens were surface ground, impregnated under vacuum, and the amount of incorporated PCM was
expressed as percent of the foam impregnated. The results obtained show different trends (Table 6).

Every batch has an impregnated volume that turns lower by increasing the firing temperature. As already discussed, the
progressive reduction of melt viscosity induced a porosity decrease, so limiting the maximum volume available. At the same
time, the presence of bigger pores makes more difficult the retention of melted PCM after the impregnation process.
Regardless the increased bloating observed in each batch, the reduction of heating rate produced a different effect in the
mixes under study. In the A specimens, it brought about a lower impregnation efficiency. On the contrary, B mixes are
characterized by an increased impregnation efficiency, higher than the corresponding value in the A sample. From this
standpoint, it is possible to conclude that the optimal firing conditions are strongly dependent on the batch composition
[42]. This leads to a specific porous structure accessible to melted PCM.

The addition of PCM to the ceramic foams modifies the thermal conductivity of the material. Fig. 5 shows the thermal
conductivity of specimens before and after impregnation. It can be observed, through a linear regression of data, that
specimens impregnated with PCM have lower values of thermal conductivity in the 600�1400 kg/m3 range. However,
additional data are needed to confirm this trend.

3.4. Scale up of the PCM-containing foam

According to the preliminary results, optimal firing conditions for the scale-up of foams were defined in terms of bulk
density, impregnation efficiency and thermal conductivity. Given to the lower bulk density and the quite constant thermal
conductivity of the impregnated foams, the B formulation was selected. Firing was chosen at 1075 �C with a slow heating
rate. Ceramic foams, as obtained after the rectification process, are reproduced in Fig. 6.

Account must be taken that the mold size affects bloating and particularly the increase of specimen size limits the volume
useful for impregnation, even though the total porosity is increased (Table 7). At the same time, the total porosity tends to a
constant value by increasing the specimen volume. A similar trend is observed about the impregnation efficiency, which is
affected by sample dimensions only to a little extent (Table 5). The increase of specimen size gave rise to a decrease of volume
impregnation of about 15 %, because of a volume increase of 1500 %.
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Fig. 2. Effect of firing temperature on the properties of 3 cm specimens. Experimental uncertainty is within the symbol size. ▄ A bulk density; * B bulk
density; & A linear expansion; � B linear expansion.

Table 5
Effect of heating rate on the physical properties for A and B batches fired at 1075 �C: difference measured (as percent change) passing from 40 to 2.5 �C/min.

Changes of physical properties (%) Sample A Sample B

DLinear expansion +48 +36
DWater absorption +32 +30
DBulk density �51 �43
DTotal porosity +12 +11

Fig. 3. Effect of firing rate on bulk density (batch B): ▄ Rapid firing cycle; & Slow firing cycle.

Fig. 4. DSC analysis on a PCM sample.

C. Molinari, C. Zanelli, L. Laghi et al. Case Studies in Construction Materials 14 (2021) e00526
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Table 6
Effect of firing parameters on impregnation efficiency for A and B formulation.

Heating rate [�C/min] Impregnation efficiency

A B

2.5 36.5 – 36.4 –

40 46.2 30.8 22.9 16.8

Fig. 5. Thermal conductivity of specimens before and after impregnation with PCM; � A formulation befor impregration; & B formulation before
impregnation; * A formulation after impregration; ▄ B formulation after impregration; — Linear regression befor impregration; Linear regression after
impregration.

Fig. 6. Scaled ceramic foams after rectification.

Table 7
Effect of scale up on the properties of fired specimens.

Mold size [mm] Bulk density [g/cm3] Total porosity [v/v%] Volume of rectified sample [cm3] Volume impregnated [%]

;30mm 0.35 86 Not available Not available
;60mm 0.51 69 15.1 39
115 � 120 mm 0.39 85 246.1 24
150 � 150 mm 0.46 82 377.5 26

C. Molinari, C. Zanelli, L. Laghi et al. Case Studies in Construction Materials 14 (2021) e00526
4. Conclusions

The present study demonstrates the scale-up feasibility to produce PCM-containing porous ceramic tiles. The effect of
firing process on the final product properties and potential drawbacks were pointed out. The most important parameter that
must be tuned is the chemical composition of the batch, which determines the stability of SiC into the melt formed at high
7
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temperature. At the same time, the batch composition is responsible of the physical properties of the melt, which in turn
modulate the bloating performance. For this purpose, the use of waste materials is highly challenging. The introduction of
dolomite let to increase the firing temperature and boosted the bloating phenomena. The best composition was used to
define the optimal firing conditions to maximize both bulk density reduction and amount of PCM that can be incorporated in
the tile. However, several drawbacks are intrinsically linked to the mechanism of formation of the porous structure. Future
work must investigate in depth the thermal properties and heat absorption properties of the obtained composite materials.
Given by the particular structure of the ceramic foam, an important part of the future work will be focused on the
engineering of a complex device comprehensive of the PCM-containing foam.
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