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To reduce pollution and global warming, the energy consumption needs to be decreased. Incorporation of
Phase Change Materials (PCMs) into building materials can help lower the energy needed to cool and
warm buildings, while keeping the indoor temperature at a comfortable level. However, incorporation
of PCMs into construction materials alter their performance. In this study, the effect of temperature
and addition of two different Micro-encapsulated Phase Change Materials (MPCM) to geopolymer
concrete (GPC) and Portland cement concrete (PCC) and pastes was investigated. The samples were
examined both below (20 °C) and above (40 °C) the melting points of the PCMs. While the MPCM is
not damaged by the alkaline solution, a few microcapsules are broken during the mixing process.
Isothermal calorimetry shows that MPCM addition slows down the reaction rate of both geopolymer
and Portland cement paste. The setting times were faster when the temperature was increased. The
mechanical properties are reduced when MPCM is added to GPC and PCC, although the compressive
strength is adequate for building applications. Microstructural studies show more uniform and undam-
aged edges in the shell-concrete matrix transition zone of GPC than PCC. The samples cured at 40 °C

exhibits more air voids in both GPC and PCC than at 20 °C.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

tion is an exothermic reaction that involves dissolution of silico-
aluminates in an alkaline solution and provides an amorphous to

The production of Portland cement is a major contributor to CO,
emissions [1]. One of the efforts to reduce the CO, produced by
concrete is to develop geopolymer-based building materials, con-
sisting of inorganic alumino-silicate polymers [2]. Geopolymeriza-

* Corresponding author.
E-mail address: anna.l.kjoniksen@hiof.no (A.-L. Kjgniksen).

https://doi.org/10.1016/j.conbuildmat.2020.119055
0950-0618/© 2020 The Author(s). Published by Elsevier Ltd.

semi-crystalline three-dimensional network [3]. The aluminosili-
cate sources can be natural minerals, like kaolinite, metakaolin
and clays [2,4] or industrial secondary products such as fly ash
(FA), ground granulated blast furnace slag (GGBFS), red mud, and
silica fume [5-7]. Sodium hydroxide (NaOH), sodium silicate
(Na,SiO3), potassium hydroxide (KOH), and potassium silicate
(K5Si03) are commonly used as the alkaline solutions. Generally,
geopolymer concrete (GPC) exhibits improved mechanical
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performance in comparison with conventional Portland cement
concrete (PCC) [8,9].

Buildings accounts for approximately 1/3 of the global energy
demand and about 30% of CO, emissions, and more than 50% of
the energy use of buildings is heating and cooling [10]. Accord-
ingly, obtaining new building materials containing Phase Change
Materials (PCMs) is attracting interest, to reduce the energy
consumption while retaining comfortable indoor temperatures
[11-13]. PCMs are compounds that absorb, store and release
energy during the phase change within a specific temperature
range. When the temperature of the environment rises above the
melting point of the PCMs, the PCMs absorb heat while changing
from solid to liquid. When the temperature decreases below the
melting point of the PCMs, the heat of fusion is released back to
the environment and the PCMs return to a solid state [14]. In hot
climates such as southern Europe, PCMs prevent buildings from
overheating at daytime during the warm season, and may also
attenuate the necessity for heating at night during the cold months
[15-18]. PCMs with melting points in the range of 10 to 30 °C
should be used to facilitate human thermal comfort[19]. Microen-
capsulation of PCMs is conducted to avoid interactions between
the PCMs and the surrounding environment, to provide a high heat
transfer area, and to prevent leakage of the core material during
the phase change [20].

In order to obtain new structural materials with improved ther-
mal energy storage, Micro-encapsulated Phase Change Materials
(MPCM) have been incorporated in concrete [21,22]. However,
the mechanical properties of concrete are diminished with the
addition of MPCM [23-26]. Despite reduced concrete compressive
strength after adding MPCM, the compressive strengths are mainly
within the desired range (25 to 40 MPa) suitable for constructional
purposes [27].

Studies of the mechanical strength of geopolymer [26,28,29]
and Portland cement [21,26,30] composites with incorporated
MPCM have been reported previously. In addition, their ability to
enhance the thermal properties of the building materials for reduc-
ing the energy needed to keep a comfortable indoor temperature
has been explored [31-35]. However, there are few previous stud-
ies utilizing isothermal calorimetry to examine the influence of the
addition of MPCM on the reaction kinetics of Portland cement
[36,37], and such studies of geopolymers seems to be lacking.

The aim of this study, is to evaluate how incorporation of differ-
ent types of MPCMs, above and below the melting point of each
PCM influences the reaction rates, physical and mechanical proper-
ties and the microstructure of both geopolymer and Portland
cement composites. This is a continuation of our previous studies
[26,38,39], where the effect of MPCMs on the slump, setting times,
microstructure, mechanical strength, and the effect of freeze-thaw
cycles had been studied. We have also previously examined rheo-
logical properties of pre-set Portland cement and geopolymer
pastes containing MPCM [40,41], and the thermal properties of
PCC and GPC containing MPCM [31-35]. Unlike the previous stud-
ies, this paper focuses on how MPCM addition affect the reaction
kinetics of the samples, utilizing isothermal calorimetry at both
20 and 40 °C. In order to gain additional information, setting times
and compressive strengths are examined at the same tempera-
tures, and finally scanning electron microscopy (SEM) and X-ray
tomography were utilized to explore how the microstructure of
the samples were affected by MPCM addition at these conditions.
Two different MPCMs were compared: PE-EVA-PCM has an amphi-
philic polymer shell of low-density polyethylene (50 wt%) and
ethylvinylacetate (50 wt%), while St-DVB-PCM has a hydrophobic
polymer shell of styrene (50 wt%) and divinylbenzene (50 wt%).
Both MPCMs have a paraffin core, with slightly different melting
points.

2. Materials and methods
2.1. Materials

In order to prepare geopolymer composites, an alkaline activa-
tor solution, class F fly ash (FA), ground granulated blast furnace
slag (GGBFS), sand, and gravel were used. The alkaline solution
consisted of sodium hydroxide pellets and sodium silicate solution
(35 wt% solid). A poly-naphthalene sulfonate polymer (FLUBE OS
39) was used as a superplasticizing admixture to improve the
workability of GPC and decrease the amount of water. Portland
cement Il mixed with FA, was used for Portland cement composites
preparation. Dynamon SR-N, which is a high-performance super-
plasticizing admixture based on modified acrylic polymers, was
utilized to improve the workability of PCC. The densities and sup-
pliers of the utilized materials are shown in Table 1. The composi-
tion of the fly ash class F (FA) is 50.83 wt% SiO,, 23.15 wt% Al,0s,
and 6.873 wt% CaO. The ground granulated blast furnace slag
(GGBFS) consists of 34.51 wt% SiO,, 10.3 wt% Al,03, and 42.84 wt
% CaO. Portland cement Il (Blaine fineness of 4500 cm?/g) was
pre-mixed mixed with FA from the supplier.

In this study, two different MPCMs denoted PE-EVA-PCM and
St-DVB-PCM were utilized. The synthesis of these microcapsules
is described in previous publications [42,43]. The properties of
the MPCMs are summarized in Table 2. St-DVB-PCM has a
hydrophobic shell, while the shell of PE-EVA-PCM is amphiphilic
(both hydrophilic and hydrophobic groups). The workability of
the pre-set samples becomes poorer with the addition of MPCM
[38]. Enhanced hydrophobicity of the MPCM shell reduces the
amount of water adsorbed onto the microcapsules [38,40], so that
less water is needed to obtain a good workability [38,40,41]. PCMs
with melting points around 28 °C and 24 °C were chosen, since this
is within the range considered optimal in cooling dominant cli-
mates [44].

In order to distinguish the differences in shape and size of the
components, SEM images of fly ash, slag, cement, and the two
different kinds of microcapsules are provided in Fig. 1. While
PE-EVA-PCM reveals a cluster structure due to a high amount of
agglomerates, a spherical shape is observed for St-DVB-PCM
[26,34]. The PE-EVA-PCM clusters are mainly due to non-
encapsulated PCMs [45].

2.2. Specimen preparation

An alkaline solution consisting of a mixture of a sodium silicate
solution (35 wt¥% solids, from VWR, Norway) and 14 M NaOH(aq)
(prepared from sodium hydroxide pellets, from VWR, Norway) at
a ratio of 1.5 was used for all geopolymer samples [38]. The

Table 1
Densities and suppliers of the utilized materials.
Component Density (g/cm?) Supplier
Class F fly ash 2.26 Norcem, Germany

Ground granulated blast 2.85
furnace slag
Portland cement Il mixed 3.00

Cemex, Germany

Norcem, Norway

with FA
Sand 2.70 Gunnar Holth AS, Norway
Gravel 2.62 Skolt Pukkverk AS, Norway
Sodium hydroxide pellets 213 VWR, Norway
Sodium silicate solution 1.93 VWR, Norway

(35 wt% solid)
FLUBE OS 39 1.20 Bozzetto Group, Italy
Dynamon SR-N 1.10 MAPEI, Norway
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Table 2
Properties of the two MPCMs [42,43].

Properties PE-EVA-PCM St-DVB-PCM

Shell composition  Low density polyethylene (50 wt%)

ethylvinylacetate (50 wt%)

Styrene (50 wt%)
Divinylbenzene

(50 wt%)
Core material Paraffin Paraffin
Water affinity Amphiphilic Hydrophobic
Melting point 284 £0.9 °C 242 +£09°C
Latent heat 98.1 J/g [42] 96.1 J/g [43].

alkaline solution was prepared 1 day in advance to ensure com-
plete dissolution of NaOH pellets and to lose the exothermic reac-
tion heat. The microcapsules were added to the paste and concrete
by the MPCM additive method and the MPCM replacement
method, respectively [26]. The MPCM is added as an extra additive
(in volume) to the powder materials in the additive method [46]. In
the replacement method, a certain percentage of sand (in volume)
is replaced with the same percentage of MPCM [46]. The replace-
ment method cannot be used for the pastes, since they do not con-
tain any sand.

2.2.1. Paste preparation

For geopolymer paste, the alkaline solution and geopolymer
binder (Fly ash + slag) was utilized at a ratio of 0.4. For Portland
cement paste, a fixed water to cement ratio of 0.35 was used. In
the case of the isothermal conduction calorimetry, the materials
containing the MPCM were weighed in the calorimeter glass
ampoules and loaded into the isothermal conduction calorimeter
channels without mixing. In the setting times measurements, the
geopolymer binder and alkaline solution (for geopolymer paste)
and cement and water (for Portland cement paste) were mixed
for 90 s. After the subsequent addition of the microcapsules, the
samples were mixed for another 90 s, resulting in homogenous
pastes with the same consistencies.

PE-EVA-PCM _ 100 pm__ MAG: 500x

2.2.2. Concrete preparation

The ratio between the liquid (alkaline solution + extra water)
and the geopolymer binder, as well as the water to cement ratio
of Portland cement were both kept at the same value of 0.5. Addi-
tionally, the total amount of sand and gravel for the concrete sam-
ples not containing MPCM was approximately the same for GPC
and PCC. More details regarding the sample preparation can be
found in Pilehvar et al. [26,38]. The amount of MPCM in the sam-
ples were chosen based on previous studies [26,34,35,38], with
the aim of maximizing the thermal storage capacity while keeping
the workability of the pre-set samples and the mechanical strength
of the concrete within an acceptable range. The components of the
Portland cement and geopolymer mixtures are shown in Table 3
and Table 4, respectively.

2.2.3. Casting and curing

GPC and PCC where 0 and 20% of the sand was replaced by
MPCM, were cast into 10 x 10 x 10 cm® molds; see Pilehvar
et al. [26] for details. After a 24 h precuring period at room temper-
ature with a 90% relative humidity, both GPC and PCC samples
were demolded and cured in water at 20 or 40 °C (below and above
the melting point of both MPCMs) for 1, 7, 14, and 28 days.

2.3. Testing methods

2.3.1. MPCM shell resistance against alkaline solution and mixing
process

To determine the resistance of the MPCM shell against the
strong basic environment of the alkaline solution, St-DVB-PCM
was immersed in alkaline solution for 7 days. EDX mapping and
SEM images of St-DVB-PCM after immersion were performed by
scanning electron microscopy (SEM), Hitachi S3500N microscope.
Additionally, SEM images of St-DVB-PCM after mixing with aggre-
gates and water for 3 min were utilized to explore whether the
mixing process affects the shell of the microcapsules. This experi-
ment was only conducted on St-DVB-PCM, since the irregular

StDVB-PCM _ 100 pm__ MAG: 500x

Fig. 1. SEM images of (a) fly ash, (b) Slag, (c) Portland cement, (d) PE-EVA-PCM, and (e) St-DVB-PCM.
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Table 3
Composition of the geopolymer composites.

Materials Paste (kg) Concrete (kg)
MPCM 0% MPCM 20% MPCM 0% MPCM 20%

Alkaline solution 188.5 188.5 189.8 189.8
Fly ash 280.2 280.2 280.2 280.2
GGBFS 191 191 191 191
Sand - - 828.1 662.5
Gravel - - 809.6 809.6
Extra water - - 47 47
Superplasticiser - - 4.8 4.8
MPCMs 0 35 0 55.8

Table 4

Composition of the Portland cement composites.
Materials Paste (kg) Concrete (kg)

MPCM 0% MPCM 20% MPCM 0% MPCM 20%

Cement 471.2 471.2 471.2 471.2
Water 212 212 235.6 235.6
Sand - - 957 765.6
Gravel - - 705 705
Superplasticiser - - 4.8 4.8
MPCMs 0 283 0 64.3

shape of PE-EVA-PCM (Fig. 1d) makes it difficult to distinguish
whether the shell is damaged during the mixing process.

2.3.2. Isothermal conduction calorimetry

The effect of different MPCMs on the heat evolution of the
geopolymer and hydration reactions was studied in an eight-
channel isothermal conduction calorimeter (TAM Air instrument)
using Admix glass ampoules. All materials were mixed inside the
calorimeter channels, after equilibrating them within the calorime-
ter at the measuring temperature for 24 h. The calorimetry was
conducted on geopolymer and Portland cement pastes containing
0% and 20% MPCM. The heat flow was collected for 3 days from
the start of the reaction at both 20 °C and 40 °C. As mentioned in
in section 2.2, the MPCM is added as an extra additive (in volume)
to the fixed binder mass (additive method).

2.3.3. Setting time

A computer controlled Vicat needle apparatus (ToniSET One,
Model 7301) was utilized to measure the initial and final setting
times in accordance with EN 196-3. The measurements were per-
formed on geopolymer and Portland cement pastes without micro-
capsules and containing 20% MPCM at both 20 °C and 40 °C. In
order to measure the setting times at 40 °C, the basin was filled
with water and the conical mold containing the paste was kept
inside this basin, which was kept at 40 °C by water circulation
through a thermal bath allowing temperature control (+0.1 °C).
The setting times was measured at intervals of 2 min and 10 min
for geopolymer paste and Portland cement paste, respectively.
The initial setting time was defined as when the needle penetra-
tion is less than 39.5 mm, and the final setting time at a penetra-
tion of 0.5 mm.

2.3.4. Compressive strength

The compressive strength was measured at 40 °C by thermally
insulating the compressive strength machine and connecting it to
a heating chamber. The compressive strength tests were performed
in accordance with EN 12390-3. To remove excess water before
initiating the measurements, the cubes cured at 40 °C were kept
in a heating chamber at 40 °C for 1 h before being weighed and
tested. Three cubes were used for each sample to obtain the

reported averages. For comparison purposes, measurements were
also carried out at 20 °C.

2.3.5. Microstructural studies

Scanning electron microscopy (SEM) (Hitachi S3500N) was used
in order to analyze the morphology of the fracture surface of GPC
and PCC specimens without MPCM and with 20% St-DVB-PCM or
PE-EVA-PCM cured at 40 °C. The SEM images were captured at
15 kV using back scattered electrons (BSE) to improve the exami-
nation of chemical differences on the samples surface.

The internal visualization of the specimens was performed by
X-ray tomographic scans. The measurements were conducted by
a Bruker Skyscan 1172 CT scanner utilizing 85 kV incident radia-
tion, a rotation step of 0.3°, and 800 ms exposure time per frame.
The measurements were performed on cylindrical samples (1 cm
height and 1 cm diameter) of PCC and GPC without microcapsules
and with 20% MPCM cured at 40 °C.

3. Results and discussion

3.1. MPCM shell resistance against alkaline solution and mixing
process

EDX mapping and SEM images of St-DVB-PCM after immersion
in the alkaline solution are presented at two different magnifica-
tions in Fig. 2a and b. As previously observed for other types of
microcapsules [47], the MPCM are resistant to the alkaline solution
since no broken or damaged particles are observed in Fig. 2. In
addition, the capsules surface is mostly displayed in blue (color
assigned to C in Mapping) suggesting that the shell does not retain
significant amounts of alkaline solution due to the hydrophobic
nature of the shell. Additionally, MPCMs are clearly surrounded
by a Na-rich phase. High NaOH concentration in the alkaline solu-
tion might cause Na,CO3 formation (by carbonation due to atmo-
spheric CO,).

SEM images of St-DVB-PCM after mixing with aggregates and
water for 3 min is shown in Fig. 3, to scrutinize whether the mixing
process affect the shell of the microcapsules. It is evident that the
mixing process can cause ruptures on the microcapsule shell. A
broken MPCM and possible surface damage can be seen in Fig. 3a
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Alkaline solution/ St-DVB-PCM MAG: 90x

Alkaline solution/ St-DVB-PCM MAG: 500x

Fig. 2. (a) EDX a cluster of St-DVB-PCM immersed in alkaline solution (b) SEM image of a single particle of St-DVB-PCM after immersing in alkaline solution for 7 days.

St-DVB-PCM after mixing __ 40 um __

MAG: 900x

| St-DVB-PCM after mixing

St-DVB-PCM after mixing __ 50 um __

MAG: 700x

__400um __ MAG: 90x

Fig. 3. SEM images of the St-DVB-PCM after mixing (a) at a magnification of 900x, (b) at a magnification of 500x (the arrow shows partial surface damage of the shell), and (c)

at a magnification of 90x (the arrows show that some microcapsules are broken).

and b, respectively. However, from Fig. 3c, with a wider field of
view, it is clear that only a few microcapsules are broken or dam-
aged during the mixing process. The MPCMs have less stiffness and
strength than the aggregates. This might cause deformation and
fracture of the MPCM during mixing, which will contribute to low-
ering the compressive strength of concrete [26]. It should be noted
that the field of view is limited, and it is therefore difficult to esti-
mate the percentage of broken MPCM. The irregular shape of PE-
EVA-PCM makes it difficult to distinguish between damaged and
undamaged shells. These experiments were therefore conducted
only on St-DVB-PCM microcapsules.

3.2. Isothermal conduction calorimetry

The rate of reactions in geopolymer and Portland cement pastes
without MPCM and with 20% of St-DVB-PCM and PE-EVA-PCM was
studied by isothermal conduction calorimetry. In order to evaluate
if the reactions are affected by whether the PCMs are in a solid or
liquid state, experiments were conducted at 20 °C and 40 °C for
72 h. For geopolymer paste, the first peak in Fig. 4a has been
reported to be related to wetting and dissolution of FA and GGBFS
[48-51]. Comparison with rheological data on similar geopolymer
pastes suggest that geopolymer precursors (monomers) are also
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Fig. 4. Heat flow versus reaction time for (a) geopolymer paste and (b) Portland cement paste.

formed at this stage [40]. The shoulder observed at longer times is
a second peak, which overlaps with the first peak. This second peak
is due to the geopolymerization reaction [40,51]. As can be seen
from Fig. 4a, geopolymer dissolution and formation of geopolymer
precursors starts within the first 10 min after mixing materials at
both 20 °C and 40 °C. However, the heat evolution peak at 40 °C
was higher in this step since more FA and GGBFS can dissolve at
high temperatures. Interestingly, both the first and second peak
are shifted towards longer times when the temperature of the
geopolymer paste is raised, even though higher temperatures is
expected to speed up reaction rates. This is probably because the
dissolution step and the formation of geopolymer precursors can
continue for a longer time at high temperatures (shifting the top
of the first peak to longer times). The formation of more geopoly-
mer precursors enhances the viscosity of the samples. Accordingly,
the transportation of the monomers is slowed down, and the 3D
geopolymer network takes longer to form [40] (shifting the second
peak to longer times).

For Portland cement (Fig. 4b), there is a first peak related to dis-
solution and early cement hydration followed by an induction per-
iod before the main hydration peak at later times [52,53]. The
dormant induction period is commonly observed for Portland
cement, and thought to be related to a slow-down of the dissolu-
tion process due to low undersaturation [52,53]. The hydration
process of the second peak reached its maximum value within 5-
9 h. As expected, increasing the temperature from 20 °C to 40 °C
accelerates the hydration reaction [54,55]. However, there is a
reduction in heat flow at early ages (dissolution step). This is prob-
ably due to a faster approach to low undersaturation at higher tem-
peratures. The second peak is much higher at 40 °C, due to the
temperature-induced acceleration of the hydration reaction [54].

When exposed to an aqueous environment, the microcapsules
retain water. St-DVB-PCM adsorbs water corresponding to 46% of
its weight, while PE-EVA-PCM adsorbs 65% due to the more polar
nature of the microcapsule shells [38]. This affects the effective
water content in the samples, which has a complex effect on the
reaction kinetics. Less available water in a system will normally
cause a viscosity increase [56-58]. This has also been observed
for pre-set Portland cement paste [41] and concrete [26], as well
as for pre-set geopolymer paste [40] and concrete [26,38]. Since
the components will move slower at higher viscosities (Stokes-
Einstein relationship), it will take a longer time for the reactants
to encounter each other. Accordingly, a viscosity increase may slow
down the reaction rates [38]. On the other hand, a lower amount of
available water will increase the effective concentration of the
reactants, which may result in faster reaction rates [40]. In addi-
tion, for the geopolymers the rate of aluminosilicate dissolution
is expected to increase when there is less water in the samples,
due to the resulting higher concentration of OH™ [59]. A higher

OH™ concentration might also speed up both the formation of
geopolymer precursors and the polymerization of these precursors
into the geopolymer network, since both these reactions involves
OH™ as one of the reactants [40,60,61]. However, if the water
retained by the microcapsules also includes the dissolved OH™ ions,
the concentration of OH™ would not be affected and this effect
could be neglectable. At very low water conditions the geopolymer
reaction rate is expected to decrease when the available water is
reduced, due to stabilization of the anions which reduce the rate
of the condensation reactions [59]. A smaller water content will
also lower the total amount of reactants that can be dissolved
before the sample reaches saturation. Accordingly, low undersatu-
ration will be approached faster, which may slow down the reac-
tion. The different effects a reduced water content can have on
the reaction rates is summarized in Table 5. The overall effect of
MPCM addition (which decreases the available water) is expected
to be a combination of these competing factors, and will depend
on which factor that dominates in each case.

At 20 °C, MPCM addition to the geopolymer and Portland
cement paste causes a decrease in the peak intensity of the first
peak (Fig. 4). Significant amounts of water are retained by the
MPCM particles [38], especially by PE-EVA-PCM (which contain
polar groups). Since the peak reduction is more pronounced for
PE-EVA-PCM, this suggests that the peak reduction is related to
the adsorbed water. Less available water in the samples will lead
to a faster approach to low undersaturation for the Portland
cement and to less water for wetting and dissolution of FA and
GGBEFS in the geopolymer. This is expected to result in the observed
reduced height of the first reaction peak.

While the first peak of the Portland cement stays more or less in
the same place with the addition of MPCM, the first peak of the
geopolymer samples are shifted towards longer times in the pres-

Table 5
The effect of decreased available water on the reaction rates. The arrows indicate
increased (1) or decreased () reaction rates.

Portland cement
reaction rate

Decreasing available water Geopolymer

reaction rate

Increased viscosity(until the samples ! !
has set)

Increased reactant concentrations(until 1 T
saturation)

Increased rate of aluminosilicate 1 -

dissolution(until saturation)
Reduced rate of condensation reactions
(very low water contents)
Higher effective OH™ concentration 1 -
Fewer reactants dissolved at saturation |
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ence of microcapsules. A lower availability of water is expected to
increase the viscosity of the samples [40], which can slow down
the formation of geopolymer precursors [38,62-64], thereby caus-
ing the observed shift of the first peaks toward longer times with
MPCM addition.

Interestingly, at 40 °C both geopolymer and Portland cement
containing 20% St-DVB-PCM have slightly higher heat evolution
of the first peak than the samples without MPCM, while utilizing
20% PE-EVA-PCM still causes a reduction of the peaks. The reduc-
tion of the peak heights for PE-EVA-PCM is probably related to
the high amount of adsorbed water (as discussed above). The rea-
son for the higher first peak in the presence of ST-DVB-PCM at
40 °C is unclear. For geopolymers, the cumulative heat during this
time period is lower for ST-DVB-PCM than for pure water (Fig. 5c).
Accordingly, the total dissolution and reactions are reduced due to
the lower water content in the presence of ST-DVB-PCM, while the
peak becomes narrower and thereby higher (Fig. 4a). For Portland
cement, the cumulative heat is initially higher for ST-DVB-PCM
than in water (Fig. 5d), suggesting that early cement hydration is
increased due to a higher concentration of reactants (Table 5).

For the geopolymer paste (Fig. 4a), the second peak is not mark-
edly affected by MPCM addition. However, the overlap with the
first peak makes it difficult to distinguish whether there are small
changes. Since this reaction releases water instead of consuming it
[65], it is less influenced by the available water in the sample (ex-
cept for very low water contents [59]).

The second peak of Portland cement paste (Fig. 4b) is shifted
toward longer times when MPCM is added to the samples. This
prologation of the dormant induction period is probably due to
the water retained by the MPCM [38], which reduces the available
water in the sample and thereby extend the period of low
undersaturation.

As can be seen in Fig. 5a and c, there is a sharp increase in the
cumulative heat immediately after starting the geopolymerization,

which corresponds to the first peak of Fig. 4a. The total cumulative
heat developed during the geopolymerization reaction is much
higher at 40 °C than at 20 °C (Fig. 5a). The elevated temperature
speeds up the alkaline activation of the geopolymer binder, causing
the final products to form faster [66]. Since the reaction does not
seem to be completed within the timeframe of the experiments,
this causes a higher cumulative heat at 40 °C. At 20 °C, the MPCM
is not significantly affecting the total amount of cumulative heat
developed during the reaction. However, at 40 °C the sample con-
taining St-DVB-PCM has the highest cumulative heat at long times
while PE-EVA-PCM has the lowest. The reduced cumulative heat of
PE-EVA-PCM is due to the lower amount of available water, caus-
ing higher viscosities and fewer reactants dissolved at saturation.
This will slow down the reaction rates (Table 5), and thereby result
in lower accumulated heat. The higher cumulative heat at long
times for geopolymers containing St-DVB-PCM at 40 °C (Fig. 5a)
is not evident at short times (Fig. 5¢). This effect is therefore due
to reactions occurring relatively late in the process, i.e., when the
geopolymer precursors are combining into the 3D-geopolymer
structure. Higher cumulative heat in the presence of St-DVB-PCM
at 40 °C occurs only after the sample has set (Fig. 6a), and the vis-
cosities are therefore not the dominating factor. It is possible that
the reduced water content increases the effective concentration of
OH™ in the sample [59], and that this speeds up the reaction
between the geopolymer precursors and OH™ to form the geopoly-
mer network.

For Portland cement paste (Fig. 5b and d), there is a small
upturn of the cumulative heat at short times, corresponding to
the first peak. This is followed by a period of slow increase (the
dormant induction period) and a sharper upturn (the second
peak) at longer times. As for the geopolymer paste, the total
cumulative heat is higher at 40 °C than at 20 °C. The addition
of microcapsules decreases the total accumulated heat at long
times for both themperatures. This is probably caused by the
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Fig. 5. Cumulative heat versus reaction time for (a) geopolymer paste during 72 h, (b) Portland cement paste during 72 h, (c) geopolymer paste during the first 5 h and (d)

Portland cement paste during the first 5 h.
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Fig. 6. The initial and final setting times of (a) geopolymer paste and (b) Portland cement paste containing 20 vol% of PE-EVA-PCM and St-DVB-PCM at 20 °C and 40 °C.

adsorption of water onto the MPCM, which can reduce the Port-
land cement hydration.

3.3. Setting time

The effect of MPCM and temperature on the initial and final set-
ting times of geopolymer paste and Portland cement paste is illus-
trated in Fig. 6. As can be seen from Fig. 6a, the geopolymer
reaction is significantly faster when the temperature is raised from
20 °C to 40 °C. As expected, the geopolymerization reaction is
accelerated at higher temperatures without any significant effect
of MPCM addition. When the temperature increases, the solubility
of aluminosilicate is higher. This results in larger quantities of alu-
mina and silica available for the geopolymerization reaction,
speeding up the setting times of the geopolymer paste [67]. Unlike
the setting times at 20 °C (which is discussed previously [38]),
MPCM in liquid state (40 °C) has no noticeable effect on the setting
times.

Fig. 6b shows that a higher temperature (40 °C) leads to rapid
hydration and shorter setting times for Portland cement paste than
at 20 °C [68]. At 20 °C, the initial setting time of Portland cement
paste becomes longer in the presence of microcapsules due to
the higher viscosity of the paste which leads to slower cement
hydration [69]. However, at 40 °C MPCM addition has no signifi-
cant effect on the initial setting time of cement. After the initial
setting time, the solidification of the samples becomes faster in
the presence of microcapsules, due to the water adsorption on
the microcapsules surface [38]. For the final setting time at both
20 °C and 40 °C, the influence of PE-EVA-PCM is stronger than
for St-DVB-PCM, since PE-EVA-PCM adsorbs higher amounts of
water and has a smaller slump [38].

3.4. Compressive strength

The effects of temperature and MPCM addition on the compres-
sive strength and compressive strength reduction of GPC and PCC
are shown in Fig. 7. As observed previously [26], GPC has a higher
compressive strength than PCC at both temperatures. In addition,
the compressive strength of both GPC and PCC increase with curing
time and temperature. For GPC, the higher temperature speeds up
the formation of a hard structure, especially in the early-stage of
the geopolymerization reaction [70]. Analogously, the faster hydra-
tion reaction increases the strength of PCC at elevated tempera-
tures. At early curing times, the increase of the strength with
temperature is more pronounced for the geopolymers, since the
geopolymerization is faster than hydration at higher temperatures
(Fig. 5).

The 28-day compressive strength (Fig. 7c, d) decreases with the
addition of MPCM [26], and increases with temperature. In addi-
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Fig. 7. Compressive strength at 20 and 40 °C as a function of curing time for (a) GPC
with 20% MPCM and without MPCM, and (b) PCC with 20% MPCM and without
MPCM, compressive strength of GPC and PCC as a function of the amount of sand
replaced by MPCM after 28 days curing for (c) GPC, and (d) PCC. Reduction of
compressive strength due to MPCM addition for (e) GPC with 20% MPCM and (f) PCC
with 20% MPCM.

tion, it is smaller for PE-EVA-PCM than for St-DVB-PCM, except
for 20% MPCM for PCC at 20 °C. PE-EVA-PCM has an irregular shell
and form agglomerates, which may enhance the compressive
strength reduction. In addition, we have previously demonstrated
that more air is trapped within the PE-EVA-PCM samples, due to
a reduced workability [38]. This lowers the compressive strength
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GPC 20% PE-EVA-PCM

MAG:900x

GPC 20% St-DVB-PCM MAG:500x

PCC 20% PE-EVA-PCM

Fig. 8. SEM images of the fracture surface of (a) GPC containing 20% PE-EVA-PCM, (b) PCC containing 20% PE-EVA-PCM, (c) GPC containing 20% St-DVB-PCM, and (d) PCC
containing 20% St-DVB-PCM. The arrows show the edge of shell-concrete matrix transition zone.

in comparison with St-DVB-PCM. Furthermore, PE-EVA-PCM con-
tains significant amounts of non-encapsulated PCM [45], which
might reduce the strength of the concrete.

The reduction of GPC and PCC compressive strength in the pres-
ence of 20% PE-EVA-PCM and St-DVB-PCM are shown in Fig. 7e and
f. When cured at 20 °C, GPC has a stronger strength reduction at
short curing times. However, after about 1 week it stabilizes at
an approximately constant value. When cured at 40 °C, the reduc-
tion of GPC strength is almost constant at all curing ages. At long
times, the strength reduction is approximately the same for the
GPC samples cured at 20 and 40 °C, which is probably caused by
the faster geopolymerization at higher temperatures (Fig. 5). The
reduction of GPC strength is more pronounced for samples con-
taining PE-EVA-PCM than for St-DVB-PCM. PCC containing PE-
EVA-PCM and St-DVB-PCM show approximately the same strength
reduction at 20 °C. However, for PCC cured at 40 °C the strength
reduction is much higher in the presence of PE-EVA-PCM than
for St-DVB-PCM. Melting the core of the microcapsules is expected
to make them mechanically weaker, and therefore deteriorate the
concrete strength. Interestingly, for PCC containing St-DVB-PCM
the strength reduction is significantly lower at 40 °C than at
20 °C (Fig. 7f). This is probably caused by the higher mechanical
strength of PCC cured at 40 °C (Fig. 7b), which makes it less vulner-
able to softer particles. Comparing the temperature effects of the
strength reductions of PCC and GPC, PCC is more affected by
increasing the temperature above the melting point of the MPCM
core than GPC. A more uniform and compact structure of GPC
together with its initially higher mechanical strength may con-
tribute to a better resistance against the softening of the particles.

3.5. Microstructural analysis

3.5.1. SEM imaging

SEM analysis was conducted on the failure surface of PCC and
GPC samples containing 20% St-DVB-PCM and PE-EVA-PCM cured
at 40 °C. Fig. 8 shows individual particles of St-DVB-PCM and PE-
EVA-PCM in the GPC and PCC matrixes as an example of how the
MPCMs shell binds with the surrounding matrix. Fig. 8 illustrates
that there are more uniform and undamaged edges in the shell-
concrete matrix transition zone of GPC than PCC. This illustrates
a better compatibility between the MPCMs shell with GPC than
for PCC. This might contribute to a better performance of GPC than
PCC in the presence of MPCMs when the samples are exposed to
temperature fluctuations from 20 °C to 40 °C or vice versa
(Fig. 7a and b).

Smaller gaps are observed at the interface between St-DVB-PCM
and the concrete matrix compared to PE-EVA-PCM, suggesting a
better compatibility between the St-DVB-PCM shells and the sur-
rounding matrix. The larger gaps combined with agglomeration
of PE-EVA-PCM [45,71] and non-encapsulated PCMs in the PE-
EVA-PCM samples [45] contributes to the greater reduction of
PE-EVA-PCM compressive strength compared to St-DVB-PCM [38].

3.5.2. X-ray micro-tomography

Typical 2D X-ray micro-tomography cross-sectional slices of
GPC and PCC without MPCMs cured at 20 °C and 40 °C are depicted
in Fig. 9. To obtain reliable statistical data, more than 600 2D slices
were taken for each sample. As seen in Fig. 9a and b, more air voids
are visible in the GPC samples cured at 40 °C than at 20 °C. Increas-
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Fig. 9. X-ray-tomography images of (a) GPC without MPCM at 20 °C, (b) GPC
without MPCM at 40 °C, (c) PCC without MPCM at 20 °C, and (d) PCC without MPCM
at 40 °C. Dark colors indicate low or no absorption of X-rays (e.g. microcapsules or
air bubbles) and bright colors indicate high absorption of X-rays (gravel and sand).
The images have approximately 1 cm field of view.

ing the curing temperature is known to dissolve more Si and Al
from the amorphous phases. This accelerates the development of
a hard structure, especially during the initial stages of the geopoly-
merization reaction. Accordingly, higher temperature increases
water evaporation rates thereby producing further air voids [72].
This causes the formation of micro-cavities, and therefore an
increase in the porosity of the GPC matrix. For PCC, higher temper-
atures enhance the hydration rates. This results in a more hetero-
geneous hydration distribution, and enhanced porosity. Lower
temperatures results in a more homogenous and uniform distribu-
tion of the hydrates, and thereby the formation of smaller pores
[73].

Fig. 10 shows the distribution of the MPCMs in the GPC and PCC
matrix. Given the low level of X-ray attenuation of the MPCM:s, it is
challenging to utilize grey scale values to distinguish between air
voids and microcapsules. However, since air voids tend to be
spherical, irregular profiles are probably due to agglomerated
MPCM. Fig. 10 shows that both agglomerated St-DVB-PCM and
PE-EVA-PCM are distributed throughout the PCC samples. GPC
has some regions containing agglomerated MPCMs and some more
homogeneous regions without any MPCMs distribution. The
enhanced viscosity (reduced workability) of the fresh GPC and
the fast setting times of GPC especially at 40 °C can contribute to
the prevention of a homogeneous distribution of MPCM through-
out the matrix.

4. Conclusion

Incorporation of PCMs in building materials can help reduce the
energy needed to heat and cool buildings, while retaining a com-
fortable indoor temperature. However, inclusion of PCMs in con-
struction materials influence many aspects of their performance.
In this paper, the influence of two different MPCMs in liquid and
solid state (above and below the melting point of the PCM core)
on the reaction kinetics, physical, mechanical and microstructural

N

2 > 5 i - " 5 ~
PC 20% PE-EVA-PCM 40 °C [GPC 20% St-DVB-PCM 40 °C

.

PCC 20% PE-EVA-PCM

40 °C @PCC 20% St-DVB-PCM

40 °C

Fig. 10. X-ray-tomography images of (a) GPC containing 20% PE-EVA-PCM, (b) GPC
containing 20% St-DVB-PCM, (c) PCC containing 20% PE-EVA-PCM, and (d) PCC
containing 20% St-DVB-PCM at 40 °C. Dark colors indicate low or no absorption of
X-rays (e.g. microcapsules or air bubbles) and bright colors indicate high absorption
of X-rays (gravel and sand). The images have approximately 1 cm field of view.

properties of Portland cement and geopolymer concrete/pastes
were investigated. The following conclusions can be drawn from
this work:

1. The microcapsules shell can resist the highly basic nature of the
alkaline solution without any leakage or damage. A few micro-
capsules were broken and damaged during the mixing process
due to the lower stiffness and strength of the MPCM shell com-
pared to the conventional aggregates.

2. Isothermal calorimetry shows that MPCM addition slows down
the reaction of both geopolymer and Portland cement paste at
20 °C, which is probably due to the water adsorption onto the
microcapsules. At 40 °C, the effect of microcapsule addition is
more complex, and St-DVB-PCM are speeding up some of the
reactions.

3. The setting times of geopolymer paste and Portland cement
paste were accelerated at higher temperatures due to faster
geopolymerization and hydration. MPCM in liquid state
(40 °C) has no noticeable effect on the setting times of geopoly-
mer paste. For Portland cement paste, PE-EVA-PCM has a
greater influence on the final setting time than St-DVB-PCM,
since much more water are adsorbed onto PE-EVA-PCM.

4. The compressive strength of both GPC and PCC increased with
curing time and temperature. However, MPCMs addition
reduced the compressive strength, and heating the samples
above the melting point of the MPCM core affected PCC much
more than GPC. The strength reduction was more pronounced
for PE-EVA-PCM than for St-DVB-PCM. The irregular shell,
agglomeration, and reduced workability of PE-EVA-PCM are
probably the major contributing factors for this.

5. A more uniform and compact structure of GPC combined with
higher mechanical strength might contribute to the better resis-
tance against softer particles. There were more uniform and
undamaged edges in the shell-concrete matrix transition zone
of GPC than for PCC. This might contribute to the better perfor-
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mance of GPC than PCC when microcapsules are added to the
samples. Porosity was enhanced at higher temperatures in both
GPC and PCC. Increased viscosity (poorer workability) of the
fresh GPC and the fast setting times of GPC especially at 40 °C
may contribute to the prevention of a homogeneous distribu-
tion of MPCM throughout the matrix.
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