
Citation: Rmili, Y.; Ndiaye, K.;

Plancher, L.; Tahar, Z.E.A.; Cousture,

A.; Melinge, Y. Properties and

Durability of Cementitious

Composites Incorporating Solid-Solid

Phase Change Materials. Appl. Sci.

2024, 14, 2040. https://doi.org/

10.3390/app14052040

Academic Editor: Alberto Vomiero

Received: 31 December 2023

Revised: 4 February 2024

Accepted: 13 February 2024

Published: 29 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Properties and Durability of Cementitious Composites
Incorporating Solid-Solid Phase Change Materials
Yosra Rmili 1 , Khadim Ndiaye 1,* , Lionel Plancher 1,2, Zine El Abidine Tahar 1, Annelise Cousture 1

and Yannick Melinge 3

1 Laboratoire L2MGC, CY Cergy Paris University, 95031 Neuville-sur-Oise, France;
yosra.rmili@etu.cyu.fr (Y.R.); lionel.plancher@u-cergy.fr (L.P.); zine-el-abidine.tahar@cyu.fr (Z.E.A.T.)

2 Laboratoire GEC, CY Cergy Paris University, 1 Rue Descartes, 95000 Neuville-sur-Oise, France
3 LRMH, CRC—MNHN, CNRS, Ministère de la Culture—UAR 3224, 77420 Champs sur Marne, France;

yannick.melinge@culture.gouv.fr
* Correspondence: khadim.ndiaye@cyu.fr

Abstract: This paper investigates the properties and durability of cementitious composites incorpo-
rating solid-solid phase change materials (SS-PCM), an innovative heat storage material. Mortars
with varying SS-PCM contents (0%, 5%, 10%, 15%) were formulated and characterized for rheological,
structural, mechanical, and thermal properties. Durability assessment focused on volume stability
(shrinkage), chemical stability (carbonation), and mechanical stability (over thermal cycles). Mortars
with SS-PCM exhibited significant porosity and decreased mechanical strength with higher SS-PCM
content. However, thermal insulation capacity increased proportionally. Notably, the material’s
shrinkage resistance rose with SS-PCM content, mitigating cracking issues. Despite faster carbonation
kinetics in SS-PCM mortars, attributed to high porosity, carbonation appeared to enhance long-term
mechanical performance by increasing compressive strength. Additionally, SS-PCM composites
demonstrated superior stability over thermal cycles compared to reference mortars.
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1. Introduction

Energy consumption is a real challenge nowadays, particularly in the building sector,
representing a significant part of it [1]. That is why many studies have been interested in and
are still interested in finding ways and solutions to save energy and reduce greenhouse gas
emissions. In fact, solar energy is one of these solutions, but the problem of intermittency
is imposed.

In this regard, storing and using renewable energy become an urgent need in order
to reduce energy consumption and then to improve indoor thermal comfort [1–3]. The
heat storage is the key technology to streamline energy consumption and improve energy
efficiency by reducing the gap between energy available and demand in buildings. There are
different types of heat storage as sensitive, latent, thermochemical or chemical [1]. Therefore,
phase change materials (PCM) have been advanced as one of the potential solutions to meet
some of these expectations. Indeed, cementitious materials incorporating PCM, improve
the thermal comfort of building, by increasing its inertia, thus avoiding sudden changes in
the indoor temperature [4–10]. In the current market, there is a range of commercialized
encapsulated phase change materials (solid-liquid) developed by leading companies such
as BASF, Climator, Cristopia, Dupont de Nemours, Rubitherm, and Winco Technologies.
All these technologies use encapsulated paraffin (micronal) as solid liquid phase change
materials (SL-PCM). However, three significant drawbacks arise when utilizing SL-PCM.
Firstly, the flammability of paraffin must be noticed. The associated risk is particularly
unconvinient with fire safety requirements within buildings [11]. Secondly, because of a
transition to a liquid state, such PCM require encapsulation to prevent against the leakage
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risk within the building material. The technologies for containment involve encapsulations,
which can be intricate, costly, and energy-intensive. Thirdly, the presence of PCM in the
cement matrix can cause sustainability problems such as the drop in their mechanical
performance [2,4–16] and the appearance of cracking [1,3,14,17]. When PCM is added to
the mix, it influences the mechanical and even thermal properties such as the thermal
conductivity of concrete [16]. The decrease of compressive strength seems to be more
pronounced than that of tensile strength [18]. The volume instability of these SL-PCM
generated durability problems (cracking, etc.) constraining their use in the building sector
despite their energy efficiency. To address these challenges, solid solid phase change
material (SS-PCM) with crystalline to amorphous conversion while remaining at a solid
state, have been developed [19–23]. Among these researchers, Harlé et al. [23] has been
developing several SS-PCM including the innovative PUX1520 used in this work. This
SS-MCP exhibits interesting and relevant physical and thermal properties (89 J.g−1 at 22 ◦C).
for applications in the building sector. The solid liquid phase change of SL-PCM consists
in endothermic melting during the heat charging phase and exothermic crystallization
during the heat discharging phase. Solid solid phase change of SS-PCM undergoes a
microstructural phase change from crystalline to amorphous while remaining at a solid state.
This is referred to as the charging process. Conversely, when the temperature decreases, the
SS-PCM releases heat as it crystallizes again, undergoing the discharging process (reversible
conversion). The SS-PCM, more stable than SL-PCM, should be more suitable for building
applications (masonry coating, bricks, roof coating, covering panels, etc.).

The innovative poly (ether urethane) based SS-PCM PUX1520 has interesting physical
and thermal properties that are relevant for building applications [23,24]. Its integration in
plaster has been the subject of preliminary studies [23], which have highlighted the interest
and advantages of this technology SS-PCM compared with SL-MCP. They showed the high
thermal inertia of Plaster/SS-PCM composites. The rheological properties in mortars are
studied [24].

However, there is not study about the volume stability (shrinkage) and chemical
stability (carbonation) of mortars incorporating this SS-MCP. Research on the durability
of cementitious materials incorporating SS-PCM is very limited, which hinders their use
in the building sector despite their energy efficiency. To use it as a construction material
capable of storing heat, it is necessary to first study its properties and stability. The
objective of this paper is to characterize and investigate the durability of cementitious
materials incorporated the innovative SS-PCM to improve the thermal inertia of buildings.
Furthermore, the effect of SS-PCM addition on the properties of cementitious materials
(rheological, structural, thermal and mechanical properties) was studied on the one hand.
On the other hand, since durability is a significant criterion for the use of building materials,
the evaluation of their volume stability (drying shrinkage), chemical stability (accelerated
carbonation) and finally mechanical stability (accelerated aging test over thermal cycles)
was measured.

2. Materials and Methods
2.1. Materials

The SS-PCM composite mortars were prepared from white Portland CEM I 52.5 N
cement containing 95%. The cement characterized by a Blaine specific surface 4200 cm2.g−1

is chemically composed by 74% C3S, 12% C2S, 11% C3A and 2.7% SO3. The detail of the
chemical composition is provided in the Table 1.

Table 1. Chemical composition of white cement.

Oxide SiO2 Al2O3 CaO MgO SO3 K2O Na2O Fe2O3

% 21.53 3.59 65.47 0.70 3.49 0.26 0.6 0.22
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The SS-PCM PUX1520 is an innovative poly (ether urethane) based SS-PCM developed
by Harlé et al. [23,24]. Such home made SS-PCM is characterized by a high heat storage
capacity of 89 J.g−1 with a low phase change temperature of 22.3 ◦C. Thanks to its high
hardness (30 shore D), the SS-PCM seems to be suitable for cementitious materials applica-
tions. Nevertheless, the tested formula is water soluble. The thermal conductivity at room
temperature is 0.231 W.m−1. K−1 suggesting a good thermal insulation capacity [23]. The
synthesized SS-PCM was crushed and sieved in white powder form with a grain size range
between 300 µm and 600 µm (Figure 1). The SS-PCM has a molar mass of 1500 g.mol−1, a
bulk density of 1200 kg.m−3 and a true density of 450 kg.m−3.
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Figure 1. SS-PCM grains morphology: (a) macrostructure and (b) microstructure.

The SS-PCM composite mortars studied in the present work, are formulated as it
reported in Table 2. The mortars were prepared according to the protocol described in
Section 2.2. The cement-water ratio (W/C) has been fixed to 0.5 for all mix-designs. The
mortar M0 is the reference sample without SS-PCM. The SS-PCM mortar composites M5,
M10 and M15 contained addition of 5%, 10% and 15% of SS-PCM (SS-PCM in %wt mass
of cement replaced in sand), respectively. The comparison between SS-PCM composite
mortars and the reference mortar allows showing the SS-PCM addition effects.

Table 2. Composition of mortars.

Mortars SS-PCM
(%wt Cement) Water/Cement Cement

(kg.m−3)
Water

(kg.m−3)
Sand

(kg.m−3)
SS-PCM
(kg.m−3)

M0 0 0.5 512 256 1535 0
M5 5 0.5 503 251 1483 25

M10 10 0.5 494 247 1433 49
M15 15 0.5 486 243 1385 73

2.2. Methods
2.2.1. Sample Preparation

The mixture of the mortars was ensured by the standard mixer NF EN 196-1 [25]. The
cement and SS-PCM were mixed at a slow speed during 60 s to obtain a homogenous
mixture (the cement only was mixed for M0). Then, sand was added and mixed at a slow
speed during 30 s. Water is then added according to the fixed cement-water ratio of 0.5.
After mixing during 30 s (slow speed), a stop time of 60 s is taken to scrape the bottom of
the mixer bowl and left to be mixed for the next 60 s at high speed. The prepared mortars
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were cast in prism molds (4 × 4 × 16 cm3), and placed on a vibrating table. The vibration
during 2 min allowed to ensure uniform thickness and to remove the air entrapped in the
samples. This same mixing process was used for all formulations. The samples were stored
in sealed bags at 20 ◦C and 100% relative humidity for 28 days. Finally, the mechanical and
microstructure properties were determined after 28 days of moist curing.

2.2.2. Analytical Techniques

The mortar workability was studied using a mini-slump test [26]. It was carried out
using a metal mold in the form of a truncated steel cone with a height of 60 mm, a base
diameter of 100 mm, and a top diameter of 70 mm. The mold was placed on a smooth, level
surface, then filled with mortar in 3 layers. Each layer was tamped with stokes throughout
its depth. The steel mold was removed from the mortar immediately by raising it slowly
and carefully in a vertical direction. This allows the mortar to spread over the level surface.
Then, the slump and the spread diameter were measured.

The flexural and compressive strength were measured with a 3R Quantech device
at 28 days using 3 samples (4 × 4 × 16 cm3) for each mix-design mortar. The tests were
performed in accordance with standard NF EN 196-1 [25], with loading speeds of 50
and 2400 N.s−1 for flexural and compressive strength tests, respectively. The resulting
flexural and compressive strength values were the means of three and six individual
values, respectively.

The microstructure of mortars was observed using a Gemini 300 (ZEISS) Scanning
Electron Microscope (SEM) under high vacuum, with a working distance of 9 mm and a
low voltage (2 kV) to avoid sample coating.

Mercury intrusion porosimetry (MIP) has been widely used to investigate the pore
structure of cement-based materials. The pore distribution of composite samples (prism of
1 × 1 × 1 cm3) was tested with the AutoPore IV 9500 device. Before testing, the samples
were dried to remove air and water at 45 ◦C in a vacuum oven until a constant weight. The
mercury pressure increasing allowed progressive access to the low porosity. The measured
pore diameters were in the range of 0.003 µm to 358 µm.

The thermal conductivity and the thermal diffusivity have been identified with the use
of a Hot-Disk device at 20 ◦C. The thermal properties was measured by the Transient Plane
Source (TPS) methodology using prism samples (4 × 4 × 16 cm3). The Hot-Disk probe
was placed between two prepared surfaces of the prism samples. Finally, the specific heat
was calculated from the measured thermal conductivity, thermal diffusivity and density.
Before testing, the 28-day aged samples were oven-dried at 45 ◦C to remove the free
water. Then, each sample was placed in a sealed bag and the cooling period was started at
20 ◦C. The free water has a significant influence on the measurements as water has its own
thermal properties.

2.2.3. Durability

The drying shrinkage of the prepared mortar samples (same preparation as in Section 2.2.1
but with different storage conditions) is estimated by weighting the samples and measuring
their length. The different mortars were cast in metallic molds of 4 × 4 × 16 cm3 previously
equipped with two screws (i.e., incorporated in the mortar sample). After 24 h of hydration
under autogenous conditions (into sealed bags), the specimens were removed from the
mold. The mass loss of each sample was followed during water evaporation. A comparator
(precision ± 0.002 mm) is used to manually measure the sample length of the sample over
time. The initial measurement corresponded to 24 h after the mortar casting.

The accelerated carbonation testing was performed in a chamber at 3% CO2, 20 ◦C
and 65% RH according to PERFDUB protocol [27]. A prior drying process of samples has
been done before the accelerated carbonation. Indeed, the 28 days aged mortar samples
(4 × 4 × 16 cm3) were dried in 45 ◦C oven during 14 days. Then a cooling period allows to
prepare the specimens at 20 ◦C and 65% RH during 7 days [27]. After this drying process,
the samples were placed into the accelerated carbonation chamber. The samples were
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removed from the enclosure and weighed at 0, 14, 28, 48 and 360 days of carbonation.
After that, the depth of carbonation was measured using a colored pH indicator (phenolph-
thalein). The phenolphthalein indicator was sprayed on the cutted surface (4 × 4 cm2) to
determine the carbonation depth.

The thermal stability of PCM mortars was followed by measuring their mechanical
behavior after cycles thermally loading. The experimental protocol in terms of cycle
time was previously set according to the thermal proprieties range of mortars in order to
ensure the full spread of heat into the prism sample during a single considered cycle. The
hygrometry was kept constant during the test. A monitored climate chamber is used to
carry out the tests through 100 cycles. Each cycle of 5 h consisted of a heating step to 40 ◦C
and a cooling step to 15 ◦C (Figure 2):

- Heating phase (heat charging): temperature increasing from 15 ◦C to 40 ◦C through a
heating rate of 1 ◦C/min (for 25 min). After such heating period, the temperature is
kept constant at 40 ◦C during 125 min.

- Cooling phase (heat discharging): temperature decreasing from 40 ◦C to 15 ◦C through
a cooling rate of 1 ◦C/min (for 25 min). Finally after this cooling period, the tempera-
ture is kept constant at 15 ◦C during 125 min.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 5 of 22 
 

prepare the specimens at 20 °C and 65% RH during 7 days [27]. After this drying process, 

the samples were placed into the accelerated carbonation chamber. The samples were re-

moved from the enclosure and weighed at 0, 14, 28, 48 and 360 days of carbonation. After 

that, the depth of carbonation was measured using a colored pH indicator (phenolphtha-

lein). The phenolphthalein indicator was sprayed on the cutted surface (4 × 4 cm2) to de-

termine the carbonation depth. 

The thermal stability of PCM mortars was followed by measuring their mechanical 

behavior after cycles thermally loading. The experimental protocol in terms of cycle time 

was previously set according to the thermal proprieties range of mortars in order to ensure 

the full spread of heat into the prism sample during a single considered cycle. The hy-

grometry was kept constant during the test. A monitored climate chamber is used to carry 

out the tests through 100 cycles. Each cycle of 5 h consisted of a heating step to 40 °C and 

a cooling step to 15 °C (Figure 2): 

- Heating phase (heat charging): temperature increasing from 15 °C to 40 °C through 

a heating rate of 1 °C/min (for 25 min). After such heating period, the temperature is 

kept constant at 40 °C during 125 min. 

- Cooling phase (heat discharging): temperature decreasing from 40 °C to 15 °C 

through a cooling rate of 1 °C/min (for 25 min). Finally after this cooling period, the 

temperature is kept constant at 15 °C during 125 min. 

The mass variation of prism samples over time was followed by weighing specimens 

during cycles. The sample stability in terms of mechanical properties was evaluated by 

the measurement of their compressive strength over cycles. 

 

Figure 2. Set points of climate chamber temperature during a thermal cycle. 

3. Results 

3.1. Mortar Proprieties 

The mortars M0, M5, M10 and M15 were characterized by the measurement of rheo-

logical, structural, mechanical and thermal properties using experimental protocols de-

scribed in Section 2.2. 

3.1.1. Rheological Properties 

In this study, the mini-slump test was used to evaluate the workability of cementi-

tious materials incorporating SS-PCM and to get an idea of the influence of the different 

SS-PCM content on the rheological behavior of mortars (Figure 3). The reference mortar 

without SS-PCM shows lower workability with an average value of 3.3 cm for slump and 

about 13.3 cm for spread diameter. The slump and spread diameter increased with the 

added SS-PCM from 0% to 15%. That is to say, the SS-PCM added to the fresh mortar 

increased its workability by fluidifying the mixture. The results obtained in the present 

Figure 2. Set points of climate chamber temperature during a thermal cycle.

The mass variation of prism samples over time was followed by weighing specimens
during cycles. The sample stability in terms of mechanical properties was evaluated by the
measurement of their compressive strength over cycles.

3. Results
3.1. Mortar Proprieties

The mortars M0, M5, M10 and M15 were characterized by the measurement of rheolog-
ical, structural, mechanical and thermal properties using experimental protocols described
in Section 2.2.

3.1.1. Rheological Properties

In this study, the mini-slump test was used to evaluate the workability of cementitious
materials incorporating SS-PCM and to get an idea of the influence of the different SS-PCM
content on the rheological behavior of mortars (Figure 3). The reference mortar without
SS-PCM shows lower workability with an average value of 3.3 cm for slump and about
13.3 cm for spread diameter. The slump and spread diameter increased with the added
SS-PCM from 0% to 15%. That is to say, the SS-PCM added to the fresh mortar increased



Appl. Sci. 2024, 14, 2040 6 of 21

its workability by fluidifying the mixture. The results obtained in the present work are in
good agreement of those of Plancher et al. [24]. The noticed fluidification is induced both
by the solubility of SS-PCM and by the non-cohesive granular effect which contributes to
reduce the energy needed to shear the fresh suspensions. This visco-plastic behaviour is
well described by the Herschel–Bulkley model [24]. Finally, such results indicate an ability
of the SS-PCM to be used as a fluidifying agent in cementitious materials.
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Figure 3. Slump and spread diameter of SS-PCM composite mortars.

3.1.2. Microstructure Properties

The effect of the SS-PCM incorporation on the hardened mortar microstructure was
analyzed by scanning electron microscopic (SEM) observations (Figure 4). The morphology
of 28 days aged mortars (M0, M5, M10 and M15) was observed for 2 scales: large field (a),
and low field (b).

The observation of the large field images (a) shows clearly the macroporosity increasing
with the SS-PCM incorporation. As a consequence, the SS-PCM addition should generate
the modification of the pore size distribution. This should be confirmed by the mercury
intrusion porosimetry test. The high macroporosity visible in M15 matrix (a) should have
an effect on mechanical and thermal performance.

There is difference in morphology between M5, M10 and M15 noted in the low
field images (b). Furthermore, Plancher et al. [24] observed the partial dissolution of
SS-PCM in the cement paste during the mixing phase. This should generate chemical
interactions between cement grains and soluble part of SS-PCM, which influences the
cement hydration, hence the morphology. The centrifugation extraction of the interstitial
fluid of the fresh mortar without (M0) and with SS-PCM (M5, M10 and M15), then ICP-
OES analysis (Inductively Coupled Plasma Optical Emission spectroscopy) of extracted
solutions would allow to quantity the dissolved part of SS-PCM in each fresh mortar.

The microstructure of M10 (low field), with needles sharped hydrates looking like
ettringite, is very different to others mortars. There also seems to be C-S-H and ettringites
phases visible in the M15 matrix. It is easier to distinguish hydrates in an aerated matrix,
such as M15 matrix (less dense, less volume congestion). The hydrates in the other matrices
(M0, M5, M10) are less visible because of their high density (volume congestion). Additional
EDS on metallized samples are necessary to confirm the hydrate identification.
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3.1.3. Structural Properties

The porous structure network of mortars was investigated using Mercury Intrusion
Porosimetry (MIP). It is by far the most widely used method to evaluate the size distri-
butions of pores in cementitious materials, this is partially due to its wide range of pore
size identification [28]. The Figure 5 shows the pore size structure of SS -PCM composite
mortars with microporosity (≤0.01 µm), mesoporosity (0.01–1 µm) and macroporosity
(≥1 µm). The mesoporosity of the reference mortar (1–100 µm) is represented by a single
peak located at 10 µm. By considering the SS-PCM composite mortars, the access volume
for the main mode (10 µm) is first reduced with the increasing incorporation of SS-PCM
and a new pore size is created at around 60 µm. This new mode becomes more and more
important via accessibility increasing induced by increasing the incorporation SS-PCM.
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Figure 5. Pore size structure of SS-PCM composite mortars after 28 days.

The Figure 6 provides the pore size distribution of mortar porosity according to the
mercury intrusion method. The total porosity of the mortars increased with the SS-PCM
incorporation, because of the increase in macroporosity and mesoporosity, even if the
microporosity decreased. The increase of macropores could be linked to the fact that the
addition of SS-PCM leads to the decrease of the reactants content (cement and water),
hence the drop of hydrates content into the mortar matrix leading to less dense matrix,
and to more air content. As a consequence, for an equal amount of mortar, the cement
paste content decreased with the SS-PCM addition. In addition, the sand grains were
less bonded to each other (more pore voids between sand grains) because of the presence
of SS-PCM grains without binding properties in the cement paste matrix. The decrease
in microporosity should be related to the decrease of hydrate content with the SS-PCM
addition (less cement and water content), knowing that the microporosity is related to the
hydrate porosity. These results confirm the SEM observations in Section 3.1.2.
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As expected, and in the opposite of porosity, the relative mass of SS-PCM increasing
in the composites induced a functional decrease of the mortar density (Figure 7). This
would induce modification of the construction material properties, such as mechanical or
thermal performance.
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3.1.4. Mechanical Properties

The flexural and compressive strengths were determined after 28 days of hydration
to analyze the effects of SS-PCM incorporation on the mechanical properties of mortars.
Figure 8 shows the results.
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Figure 8. Mechanical strength of 28 days mortars as a function of SS-PCM content.

The flexural and compressive strengths of mortars incorporating SS-PCM were lower
than those obtained for the reference mortar, and this reduction increased with the content
of SS-PCM. There was a compressive strength drop of about 50% for the mortars M5 and
M10, and 70% for M15%. These results are in agreement with the increase in mortar porosity
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previously observed (Figures 5 and 6). It should be noted that the compressive strength of
the M5 mortar was similar to that of the M10 mortar. As well as the total porosity, the M5
compressive strength (26 MPa) is very close to that of M10 (27 MPa). The Figure 8 shows
a reduction in flexural strength of 50% between the reference mortar (M0) and SS-PCM
composite mortars (M5, M10 and M15), and a similar compressive strength (around 5 MPa)
between SS-PCM composite mortars (M5, M10 and M15).

The mechanical strength drop is a disadvantage for construction materials. However,
the mechanical performance of SS-PCM composite mortars remains sufficient for most
building applications (26 MPa for M5, 27 MPa for M10 and 18 MPa for M15). For building
applications, in which higher mechanical is not needed (bricks, masonry wall, coating
wall, roof panels) [2], the SS-PCM could be added to cementitious materials to improve the
thermal performance of the building.

Thanks to review articles [2,29–31], the mechanical resistance of lightweight cemen-
titious material and PCM cementitious material according to its density was provided in
the Figure 9. The results of the present work were added to the figure as red squares. All
results in the literature show a trend for the compressive strength to increase with the
material density. However, for a given density, the mechanical strength differs according to
the binder composition, foaming method and the hydration cure. This explains the wide
dispersal of compressive strength according to the studies of lightweight materials. Our
results (red squares) remain in the range of compressive strengths for PCM materials. The
mechanical strength of PCM composites was lower than that of lightweight material for a
given density. This is due to the presence of PCM molecules without binding properties in
the PCM composite matrix. The advantage of PCM over lightweight aggregates is its latent
enthalpy (heat storage capacity) providing high thermal inertia of building.
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3.1.5. Thermal Properties

The addition of 5% SS-PCM in the mortar led to a significant drop (26%) in terms of
thermal conductivity. However, there was a slight variation in thermal conductivity among
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the SS-PCM composite mortars (Figure 10a). The Figure 10b shows the rise of thermal
conductivity with the porosity of mortars. Indeed, the thermal conductivity of cementitious
materials depends on their air content. In addition, it should be noted that the low thermal
conductivity of the added SS-PCM (0.231 W.m−1.K−1) promotes the high insulation capacity
of mortar composites. The SS-PCM conductivity was about 7 times lower than that of
the reference mortar. Unlike the mechanical strength decreased, the thermal conductivity
drop is an advantage for building applications. The SS-PCM composite mortars have
better thermal insulating capability compared to reference mortar, and seem suitable for
low-energy buildings.
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Figure 10. Thermal conductivity of mortars related to (a) SS-PCM content and to (b) porosity
of mortars.

Unlike the compressive strength, the thermal conductivity of PCM composites was
slightly lower than that of lightweight materials for a given density (Figure 11). This is due
to the low thermal conductivity of the added PCM in the matrix. Our results (red squares)
remain in the range of thermal conductivity for PCM materials. SS-PCM and lightweight
materials are similar in terms of insulating capacity (similar thermal conductivity), but
not in terms of thermal inertia. The advantage of SS-PCM over lightweight materials is its
latent enthalpy, i.e., its high solar energy storage capacity providing high thermal inertia
of building (unlike, the thermal inertia of lightweight material is low). In addition, the
SS-PCM provides better durability and rheological properties. However, it should be noted
that the lightweight materials are cheaper than PCM composites.

Unlike thermal conductivity, specific heat was higher when SS-PCM was added to
mortar (Figure 12). In fact, the specific heat only depends on solid and phases of the mortar
(i.e., cement paste, sand and SS-PCM), while the thermal conductivity takes into account
all phases of the material (i.e., including the gas phase (porosity)). However, the specific
heat of SS-PCM mortars was not a linear function of the SS-PCM amount.

The mechanical and thermal performances of SS-PCM composite mortars remain
sufficient for most building applications. Moreover, its high thermal insulating capability
and heat storage [23] are also relevant benefits for low-energy consumption buildings. This
allows to improve the thermal inertia of the building, thus avoiding sudden changes in the
indoor temperature, all while maintaining the supporting structure capacity. However, its
higher porosity could lead to durability problems.
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Figure 12. Specific heat of SS-PCM composite mortars.

3.2. Durability of Cementitious Composites Incorporating SS-PCM

As durability is an essential criterion for building materials, the SS-PCM composite
mortars stability was investigated. This aims to evaluate volume stability (shrinkage), chem-
ical stability (carbonation) and mechanical stability over thermal cycles of SS-PCM mortars.

3.2.1. Volume Stability: Drying Shrinkage

The drying shrinkage of cement-based materials can lead to structural cracking. In
the literature, drying shrinkage is considered to be a consequence of changes in disjoining
pressure, capillary pressure, and surface free energy or combinations thereof, accompanying
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a decrease of saturation and internal relative humidity [32–35]. The capillary pressure in
the pore network is the mechanism that is usually employed to describe the hydric strains
in porous materials [35]. It is related to the formation of water-air menisci in the partially
empty pores, which induce isotropic compressive stress within the rigid solid skeleton
that leads to bulk shrinkage. The essential cause of drying shrinkage is, of course, the
evaporation of the capillary water from the material surface exposed to the ambient air.
Evaporation occurs as soon as the relative humidity of the ambient air is lower than that
prevailing in the capillary network. The tension forces developed inside the concrete lead to
its contraction. The SS-PCM effect on drying shrinkage of SS-PCM mortars is investigated.

The specimens of 24 h (4 × 4 × 16 cm3) are removed from the molds, and placed in
a climate chamber (20 ◦C and 50% RH). The mass evolution of each sample is followed
during the water evaporation. Figure 13 shows the mass loss over time for each mix-design
mortar. The water desorption kinetics was rapid in the short term, then the kinetics slowed
down for all mortar samples (M0, M5, M10 and M15) after 20 days. The mass loss of water
into the mortars increased with the SS-PCM content. This was related to the pore diameter
and porosity which increased with SS-PCM content.
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Moreover, the capillary pressure, is related to the internal relative humidity according
to the Kelvin–Laplace law [32]. So, the drying shrinkage amplitude should increase with
the water loss [36]. However, it is noted that the SS-PCM addition generated more water
loss (Figure 13), but less drying shrinkage (Figure 14). The incorporation of 5%, 10% and
15% of SS-PCM into the mortar allowed reducing the drying shrinkage amplitude by 7%,
42% and 53%, respectively. This should be related to the higher compressibility of the
SS-PCM compared to cementitious materials able to amortize the drying shrinkage [19].
Therefore, the SS-PCM (grains size 300–600 µm) into the mortar matrix would amortize
local stress due to the capillary pressure (generated by water loss) into the porous network,
leading to less measurable bulk deformation of the skeleton. Hence, the addition of SS-PCM
has the advantage of reducing macroscopic deformation linked to drying shrinkage.

Furthermore, it should be noted that shrinkage is probably the most common cause
of structural cracking [37,38]. If not controlled, the deformation due to shrinkage can
lead to durability problems and even shear stress [39,40]. The SS-PCM could be used as a
mitigation agent to reduce the drying shrinkage of cementitious materials.
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Figure 14. Drying shrinkage as a function of time.

3.2.2. Chemical Stability: Carbonation

Carbonation of concrete is a natural phenomenon that occurs in the long term in the
ambient air. However, it is a slow process in atmospheric conditions taking a few years to
reach high carbonation depth in the ambient air. The accelerated carbonation in a chamber
at 3% CO2 (20 ◦C and 65%RH) allows to speed up the process while maintaining stable
environmental conditions according to the PERFDUB test method [27]. Figure 15 shows
the evolution of the mass loss of mortar samples (4 × 4 × 16 cm3) during the drying period
at 45 ◦C before the carbonation test. The water loss is greater for mortars incorporating SS-
PCM compared to the reference mortar. As seen before (Figure 13), the mass loss increases
with SS-PCM content. This should be related to the high porosity of SS-PCM composites.
After 14 days in 45 ◦C oven, the mortar samples were stabilized at 20 ◦C and 65% RH
during 7 days (prior drying stage) [27]. They were then introduced into an accelerated
carbonation chamber (3% CO2, 20 ◦C and 65% RH).
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The Figure 16 shows images of mortar samples after 14, 28, 48 and 360 days of
accelerated carbonation. The phenolphthalein indicator was sprayed on the cutted surface
to determine the carbonation depth. Phenolphthalein turns to purple coloration in area
of pH higher than 9, so the purple coloration was observed in non-carbonated areas. The
colorless outer area (carbonated area) thickened over time, i.e., the carbonation depth
increased over time for all the tested mortars. At 360 days, the mortars with SS-PCM are
fully colorless (i.e., complete carbonated).
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Figure 17 shows the measurement of carbonation depth at 14, 28, 48 and 360 days
for each mix-design mortar (M0, M5, M10 and M15). As seen in Figure 16, there was no
carbonation at the beginning of accelerated carbonation (t = 0 day). Then, the carbonation
depth at 14 days was observed and could be measured for all samples. The carbonation
depth of all mix-design mortar increased over time. However, the carbonation kinetics of
the reference mortar was slower compared to SS-PCM composite mortars. The carbonation
kinetic increased with SS-PCM content. After 1 year of accelerated carbonation, the carbon-
ation of mortars incorporating SS-PCM (M5, M10 and M15) was complete (≥20 mm), while
that of reference mortar reached 6.8 mm. The high kinetic of SS-PCM composite mortars
in relation to the reference mortar was due to its higher and coarser porosity, promoting a
high diffusion of CO2 into the porous network.
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Figure 17. Carbonation depth of SS-PCM composite mortars over time.

It should be noted that the high carbonation depth of mortars incorporating SS-PCM is
partially due to the severe carbonation conditions in the accelerated chamber (3%CO2). In
the real condition of use (building application), the carbonation kinetics in the atmospheric
air was slower compared to the accelerated chamber. In fact, the Figure 18 shows the image
of mortars carbonated for 360 days at atmospheric air chamber and accelerated carbonation
chamber (3% CO2). The SS-PCM composite mortars are fully carbonated in chamber at
3% CO2 (≥20 mm), unlike those in the air atmospheric chamber.

In the atmospheric carbonation, the SS-PCM composite mortars show similar carbon-
ation depth between 5 and 6 mm, while the reference mortar achieved only 1.7 mm in
carbonation depth (Figure 19).

This high carbonation rate of SS-PCM composite mortar could be an advantage in
term of mechanical performance. Figure 20 shows an increase in mechanical strength with
the carbonation rate. Such a behavior can be related to effects induced by the carbonation
that leads to the calcium carbonate precipitation into the porous network reducing the
porosity, and improving the compressive strength. However, the low pH of carbonated
mortars could promote the corrosion of steels for reinforced concrete [41]. The SS-PCM
mortar should be suitable for non-reinforced concrete: masonry coating, masonry bricks,
roof coating, covering panels, etc.
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3.2.3. Mechanical Stability: Reversibility over Thermal Cycles

It is relevant to check the stability of mortars incorporating SS-PCM over thermal
cycles, or in other words its ability in terms of mechanical strength to withstand the SS-PCM
phase transitions (heat storage) during the building lifespan. The heating at 40 ◦C and
cooling at 15 ◦C led to charge and discharge heat into SS-PCM, respectively. The Figure 21
shows the results of the aging test in terms of compressive strength as a function of the
number of phase transition cycles (0, 24, 48 and 100 cycles).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 19 of 22 
 

 

Figure 21. Compressive strength of mortars as a function of thermal aging cycles. 

A significant increase in compressive strength of all mortar samples is noticed after 

24 cycles, a slight decrease occurred between 48 and 100 cycles. This mechanical perfor-

mance improvement after 24 cycles should be related to the thermal activation of hydra-

tion reactions, increasing the hydration kinetics of mortars. For mortars incorporating SS-

PCM, there is a convergence towards the similar value of around 30 MPa after 100 cycles. 

Overall, the Figure 21 shows the mechanical stability of SS-PCM composite mortars over 

the heat storage cycles (until 100 cycles). This mechanical stability should be explained by 

the volume stability of SS-PCM during phase change. Indeed, unlike classic solid-liquid 

PCM (SL-PCM) as paraffin with solid-liquid transition phase (volume instability), the SS-

PCM have the advantage of a stable solid-solid transition phase (volume stability). Hence, 

the volume stability of SS-PCM during the storage-distorage cycle allowed to avoid stress 

and cracking into the mortar skeleton. Furthermore, it should be noted that this study 

should be conducted over a larger number of cycles (200 cycles) to be more representative. 

For supporting structure applications in building, it is important to keep mechanical sta-

bility over heat storage cycles. 

4. Conclusions 

The influence of SS-PCM incorporations on properties and durability of mortars was 

examined. The rheological, structural, mechanical and thermal properties of SS-PCM mor-

tars were measured and analyzed. Then, the durability study allowed assessing the vol-

ume (drying shrinkage), chemical (carbonation) and mechanical stabilities (over thermal 

storage cycles). The results showed that: 

- The increase of SS-PCM content in the fresh mortar induces a better workability and 

increases the total porosity, hence a drop in mechanical strength and thermal con-

ductivity. However, the mechanical performance of SS-PCM composite mortars re-

mains sufficient (27–18 MPa) for most building applications. 

- The drying shrinkage amplitude decreases with its SS-PCM content. This result 

should be related to the compressibility of the SS-PCM amortizing the local capillary 

pressure, leading to less measurable bulk deformation. 

- An increase in mechanical strength with the carbonation rate was noted. The me-

chanical stability of SS-PCM composite mortars over the heat storage cycles is con-

firmed. This should be explained by the volume stability of SS-PCM during phase 

change unlike classic SL-PCM. 

55

75

68
64

26

34 32 32
27

34
31 29

18

29 27

0

10

20

30

40

50

60

70

80

0 2 4 4 8 1 0 0

C
o

m
p

re
ss

iv
e 

st
re

n
gt

th
 (

M
P

a)

Nomber of thermal cycles  

M0 M5

M10 M15

29

Figure 21. Compressive strength of mortars as a function of thermal aging cycles.

A significant increase in compressive strength of all mortar samples is noticed after
24 cycles, a slight decrease occurred between 48 and 100 cycles. This mechanical perfor-
mance improvement after 24 cycles should be related to the thermal activation of hydration
reactions, increasing the hydration kinetics of mortars. For mortars incorporating SS-PCM,
there is a convergence towards the similar value of around 30 MPa after 100 cycles. Overall,
the Figure 21 shows the mechanical stability of SS-PCM composite mortars over the heat
storage cycles (until 100 cycles). This mechanical stability should be explained by the
volume stability of SS-PCM during phase change. Indeed, unlike classic solid-liquid PCM
(SL-PCM) as paraffin with solid-liquid transition phase (volume instability), the SS-PCM
have the advantage of a stable solid-solid transition phase (volume stability). Hence, the
volume stability of SS-PCM during the storage-distorage cycle allowed to avoid stress and
cracking into the mortar skeleton. Furthermore, it should be noted that this study should
be conducted over a larger number of cycles (200 cycles) to be more representative. For
supporting structure applications in building, it is important to keep mechanical stability
over heat storage cycles.

4. Conclusions

The influence of SS-PCM incorporations on properties and durability of mortars was
examined. The rheological, structural, mechanical and thermal properties of SS-PCM
mortars were measured and analyzed. Then, the durability study allowed assessing the
volume (drying shrinkage), chemical (carbonation) and mechanical stabilities (over thermal
storage cycles). The results showed that:

- The increase of SS-PCM content in the fresh mortar induces a better workability
and increases the total porosity, hence a drop in mechanical strength and thermal
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conductivity. However, the mechanical performance of SS-PCM composite mortars
remains sufficient (27–18 MPa) for most building applications.

- The drying shrinkage amplitude decreases with its SS-PCM content. This result should
be related to the compressibility of the SS-PCM amortizing the local capillary pressure,
leading to less measurable bulk deformation.

- An increase in mechanical strength with the carbonation rate was noted. The mechani-
cal stability of SS-PCM composite mortars over the heat storage cycles is confirmed.
This should be explained by the volume stability of SS-PCM during phase change
unlike classic SL-PCM.

The advantage of this innovative SS-PCM compared to the existing SL-PCM is its
ability to store high thermal energy with a better durability thanks to its volume stability
during solid-solid phase change. So, this storage material could be a solution for the
durability problems inhibiting the use of phase change materials in building sector. The
SS-PCM mortar was suitable for masonry coating, masonry bricks, roof coating, covering
panels, etc. This allow to improve the thermal inertia of the building, thus avoiding sudden
changes in the indoor temperature, all while maintaining the supporting structure capacity.
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