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HIGHLIGHTS

*  Geopolymer-MPCM mortars have shown better mechanical performance compared to Portland
cement-MPCM mortars.
* The CASH and NASH gels formed after the inclusion of metakaolin also improved the

mechanical and thermal performance of the geopolymer-MPCM mortars.
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* Good linear correlations were obtained between compressive strengths on the one hand and

Young's modulus and thermal conductivity on the other.

Abstract

This study aims to use NASH (sodium alumina silicate hydrate) gel and CASH (calcium alumina
silicate hydrate) gel to overcome the negative effects of incorporating microencapsulated phase
change materials (MPCM) on the mechanical strength and thermal conductivity of blast furnace
slag-based geopolymer mortars. The coexistence of CASH and NASH gels was obtained by using
an inclusion of a small amount of metakaolin in a geopolymer matrix based on blast furnace slag;
this results in a geopolymer with high mechanical strength. Several tests were performed to
characterize different mortars (with and without MK) such as workability, microstructural
properties, water porosity, mechanical properties (compressive strength, dynamic Young modulus)
and thermal properties (thermal conductivity, the specific heat capacity). The results obtained
showed that the coexistence of NASH and CASH gel brought improvements in terms of mechanical
properties and thermal conductivity compared to GBFS-based geopolymer-MPCM only. Indeed,
the addition of 10 and 20% of metakaolin was sufficient to obtain this coexistence. With a
concentration of MPCM up to 10% in the geopolymer mortars, the compressive strength was
increased by about 10 MPA and the thermal conductivity was increased by about 31%, which led
to an improvement in the specific heat capacity of up to 1280 J/Kg.K. These improvements were
due to the high reactivity of MK under the activation conditions used. This favored the good
dissolution of silica and aluminum in the MK, which participated well with the calcium in the GBFS
to create the NASH and CASH gels. In fact, it was felt that these two gels filled the small pores
caused by the MPCM and that this compensated well for their negative effects on the geopolymer

matrix.
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Geopolymer-MPCM based mortars after their optimizations with NASH and CASH gel coexistence
showed good workability, compressive strength, and thermal performance. On the other hand, a

reduced water porosity compared to Portland cement-MPCM based mortars.

Keywords: Geopolymer; Microcapsule Phase Change Materials; Granulated Blast Furnace

Slag; Metakaolin

1. Introduction

The building sector is the world's largest energy consumer, consuming 36% of the world's total final
energy and emitting more than 40% of total direct and indirect carbon dioxide (CO,) emissions [1].
Most of the energy consumption in the building is reserved for thermal comfort improvement in the
hot and cold seasons (building use phase) [2]. Furthermore, 80% of the greenhouse gas emissions

are related to this phase [3].

Several researchers in recent decades have studied thermal storage through latent heat in order to
reuse it when the building needs the heat (e.g., store heat during the day and use it at night) [4-6].
Among the techniques to improve thermal comfort is the use of Microencapsulated Phase Change
Materials (MPCM). These materials help to regulate heat exchange in building compartments and
reduce the requirement for heating and cooling systems [4-8]. MPCM store at a constant
temperature (ambient temperature around human comfort) a large amount of energy in the form of
latent heat during their phase change (solid liquid), which prevents the heat flow from entering the
building during peak hours. This amount of heat is stored during the day and released at night [9].
This technology ensures the desired thermal comfort and reduces the need for air conditioning and
heating, as well as reducing CO; emissions related to energy consumption in the building. A recent
literature review showed that the use of these materials in buildings reduces annual energy

consumption by about 50% for cooling and heating [2].

After mentioning the enormous energy consumption of the building sector, there is also another

problem in this sector, namely is the massive use of Portland cement in concrete. The cement
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industry is responsible for 7% of the world's CO, emissions [10] and causes other pollution in the

air, water, etc.

The reflection of a strategy to reduce the environmental impacts related to CO, emissions and the
improvement of the durability of concrete encouraged the researcher Davidovits [11] to invent a
new ecological cement (with less environmental impacts) called the Geopolymer. This material is
the result of the activation of aluminosilicate materials by alkaline solutions [11]. Aluminosilicate
materials are industrial wastes, by-products, or types of clays such as Granulated Blast Furnace Slag
(GBFS), metakaolin (MK), fly ash, and red mud, etc. The use of these materials to replace Portland
cement will reduce CO; emissions and waste caused by the industries, thus helping to reduce the
impact on the environment. Wang et al. [12] showed that the CO, emissions caused by the
production of geopolymer are reduced by about 70 to 80% compared to the production of clinker.
Furthermore, geopolymer has several advantages over traditional cement-based materials, such as
higher initial mechanical strength, low drying shrinkage, high fire resistance, shorter curing time,
higher resistance to acid attack [13—16]. Moreover geopolymer concrete is more resistant to chloride

penetration because of its reduced overall permeability compared to Portland concrete [17].

However, the incorporation of MPCM in the geopolymer can be a solution to decrease the
environmental impacts on two major phases of the building life cycle, which are the building

operation phase (energy use to improve thermal comfort) and the cement production phase.

Shadnia et al. [18] constructed three small cells of activated fly ash geopolymer mortars. Among
these three cells, two contain MPCM. Measurements of their internal temperature showed a
reduction of 4.5 and 5.5°C for the two MPCM geopolymer cells compared to the reference cell. Cao
et al. [5] numerically investigated the influence of different conditions on the energy efficiency of a
wall constructed from geopolymer-MPCM concrete using the finite difference method. With the
addition of 5.2% MPCM, there was a reduction in the interior wall temperature of approximately

3°C and a reduction in energy consumption of 25% to maintain the interior temperature at 23°C.
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In contrast, to date, and based on all current research, most studies show that MPCM exhibits a
negative effect on the mechanical, physical and thermal conductivity performance of the cement

and geopolymer matrix [7,18-20].

Cao et al. [7] studied the effect of MPCM addition on the compressive strengths of Portland cement-
based concrete and geopolymer-based concrete. Their results show that the presence of MPCM
increased the heat capacity of both types of concrete studied up to the value of 1500 (J/kg ° C), but
the compressive strengths were reduced by about 42 and 51%. The same observations were reported
by Shadnia et al. [18] that cited a decrease in compressive strength of up to 25%. The study by Cao
et al. [21] showed that the decrease in mechanical performance is related to the increase in open

porosity when the concentrations of MPCM increase in the fly ash geopolymer concrete matrix.

Disadvantages of incorporating MPCM into the cement matrix include the rate of decrease in the
thermal conductivity of the total cement matrix [22]. Recall that in the case of a material not
containing MPCM, its thermal insulation performance is related to its low conductivity, which will
delay the penetration of heat into the building. Nevertheless, in the case of a material containing
MPCM, the decrease in its thermal conductivity will disrupt the latent heat of MPCM to complete
their charge-discharge cycle due to the low heat flux transmitted. This is a problem in this field and
has been highlighted by several researchers [23-25]. The effect of reducing thermal conductivity
after the addition of MPCM is similar to its effect on increasing porosity (porosity caused by the
presence of MPCM in the cement matrix) [22,23]. Several researchers have attempted to improve
the thermal conductivity of pure PCM (without capsules) after their incorporation into a cement
matrix by using some carbon-based or metal-based materials that have high thermal conductivity
[26-29]. Nevertheless, unfortunately, few studies have been conducted to improve the thermal

conductivity of a cement or geopolymer matrix after the incorporation of MPCM.

The scientific question of this study is how to overcome the negative effects of incorporating MPCM
into the geopolymer matrix to improve the mechanical and thermal performances of this new

material.
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Concerning the use of geopolymer, we note that the main gel produced in the geopolymerization
process is in the form of a gel called sodium alumina silicate hydrate (NASH), resulting from the
activation of alumina and silica found in metakaolin or fly ash [30]. This gel is the result of the

chemical reaction between Na,O-AL,03-S10,-H,0.

In recent years, several researchers have shown that it is possible to have in a single geopolymer
matrix another hydration gel in addition to the geopolymer gel itself. This gel can be obtained in a
matrix that is rich in calcium, silica and alumina to produce calcium alumina silicate hydrate
(CASH), and it is obtained from the chemical reaction between Na,O-Ca0O-Al,03-SiO,-H,O [31-
34]. The CASH gel results from the activation of blast furnace slag [35]. The use of calcium-rich
blast furnace slag with the inclusion of a small amount of silica (SiO;) and alumina (Al>Os) rich
metakaolin (MK) contributes to a better workability and a structure mainly composed of the
coexisting gels mentioned above. This coexistence of gels, once obtained, improves the mechanical

performance and durability of the geopolymer [34].

However, most of the research that has been carried out on the geopolymer-MPCM is focused on a
geopolymer based on a unique base material such as GBFS, fly ash (FA), MK, etc. In addition, there
are few studies on combining two primary materials rich in calcium, alumina, and silica at the same
time, and no studies have investigated the inclusion of MK into a GBFS-based matrix containing

MPCM.

The aim of this study is to investigate the feasibility of developing the coexistence of CASH and
NASH gels in geopolymer-MPCM mortars to overcome the negative effects of MPCM
incorporation on the mechanical and thermal performance of these mortars. This coexistence of gels
will be achieved by adding three percentages of MK inclusion (0, 10 and 20%) in a GBFS-based
mortar. The geopolymer-MPCM mortars were also compared to Portland-MPCM cement-based

reference mortars.

Several characterizations of two types of mortar are carried out in this study, such as workability,

microstructure properties (SEM, EDS and XRD), water porosity, mechanical properties
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(compressive strength, dynamic Young's modulus resistance) and thermal properties (thermal

conductivity, the specific heat capacity).

2. Materials and experiments design

2.1. Materials

The MPCM studied here is considered in the form of white spherical microcapsules marketed by the
laboratory Microteck-United States. Its technical name is Nextek 28 D. The microcapsule consists
of two parts, a polymer wall and the core material (paraffin). Its composition is > 97% paraffin
powder. The polymer is a urea polymer, cross-linked with a modified low molecular weight
polyethylene. MPCM possesses a melting temperature between 26 and 28°C and a heat capacity

between 180 and 190 (J/g).

The density was measured by the pycnometer method according to NF T 20-053 and is equal to 0.84
g/cm?®, almost equal to the density of MPCM in the literature [7,18]. Its thermal conductivity was
measured with the Hot Disk 1500 device (the measurement procedure will be explained in the
following sections). It is equal to 0.2 W/mK. This value is the same as that found in the literature

[25]. MPCM grains range in size from 6.19 to 38.22 pum.

The GBFS was delivered by the company ECOCEM in France while the MK was provided by the
company KENZAI (ecological materials) in France. The cement used is CEM II (32.5). The

chemical compositions and physical properties of cement II, GGBS and MK are presented in Tablel.

Table 1. Chemical composition and physical properties of CEM II, GBFS and MK.

Chemical composition CEM 11 GBFS MK
(%)

Si0O» 7,47 37,3 55

AlLOs 2,18 10,7 41

Fe,0Os3 2,84 0,2 1,2

CaO 69,02 43,0 0,1
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MgO - 6.5 0.2

TiO» - 0,7 0.4
(Na20 + K»0)eq - 0,8 1,8
Specific gravity 3.03 2.90 2.40
Blaine specific surface 0.37 0.445 17

area (m?%/g)

average grain size (um) 8.47 13.25 7.13

According to Table 1, GBFS is composed of a sum of 48% SiO> and Al>Os and a high content of

42.3% CaO while metakaolin MK is rich in SiO, and Al,O3 with a sum of 96%.

The mineralogical structure is shown by X-ray diffraction (XRD) in Figure 1. MK shows a sharp
crystalline peak at 32°, which is attributed to the presence of amorphous quartz structure (SiO,) and

mullite crystalline phases (AlsSi2013). GBES is composed mainly of an amorphous phase.

m— MK Q: Quartz
GBFS

M: Mulitte

Intensity (a.u)

20 30 40 50 60 70 80 90 100
2 Theta (degree)

Figure 1. XRD patterns of MK and GBFS.
Figure 2 shows the particle size distribution of GBFS, MK, CEM II and MPCM, which was determined
using a laser granulometer type Cilas 1190. The measurements were performed using the wet method.
Indeed, we had doubts about the fact that water would not disperse MK particles, but the results of the

measurements are close to the results quoted in the study of Kamath et al. [35].



180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

It is also noted that MK has finer particles than GBFS with an average particle size that is equal to 7.13
um while the average particle size of GBFS and cement is equal to 13.25 pum and 8.47 um. On the other

hand, their specific surface areas are equal to 17; 0.44; and 0.37 m*/g.

100
90
80
70
60

—>— MK

>0 —8—GBFS

CEM I

——MPCM

40

Cumultative volume (%)

30

20

0,01 0,1 1 10 100 1000 10000

Particule size ( um)

Figure 2. Particle size distribution of MK, GBFS, CEM II and MPCM.

The activation solution is a mixture of sodium silicate and sodium hydroxide. According to the supplier,
the composition by mass of the sodium silicate is 27.53% SiO-, 11.47% Na,O and 61% H>O. Sodium
hydroxide NaOH is a caustic soda of 98% purity. The two solutions were provided by the company

E2EM in France.

A standardized sand (CEN NF 196-1). This type of sand is generally used for laboratory tests. The
supplier is the same as for two alkaline solutions. The purpose of using standardized sand is to eliminate

the secondary effects on the binder of unfavorable impurities that natural sand may contain.

2.2. Mixing method and curing condition

Twelve formulations were investigated in this study; three were based on standardized mortar, and nine
were based on geopolymer mortar. The water/binder ratio of 0.5 and the sand/binder ratio of 3 have been
fixed for the two types of mortars, knowing that the equivalent binder for geopolymer (equivalent to

cement) is considered as the total of GBFS, MK, and alkaline solution (solid part). For this, the mass
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ratio (GBFS+MK)/SA was set to 3, SA corresponding to the solid part of the alkaline solution. These
choices are recommended by the study of Hasnaoui et al [14].

MK will replace part of the GBFS in the geopolymer matrix with three substitution rates (0, 10 and
20%). Bernal et al. [34] cited that increased MK content resulted in significant reductions in compressive
strength, due to the incomplete reaction of MK in the activation solution used. In fact, the optimal
parameters were determined in this study to provide a high alkalinity of the activation solution to get
good reactivity of the MK. Regarding this observation, a mass ratio of 2.5 between sodium silicate (SS)
and sodium hydroxide (SS/NaOH) was set according to the study of Bernal et al. [34].

The sodium hydroxide solution was prepared with a concentration of 12M and mixed with the sodium

silicate and allowed to cool for 24 hours before the mixing procedure.

A high concentration of NaOH (above 14M) can disrupt the dissolution of calcium in the matrix [36],
resulting in an absence of CASH gel, while a low concentration of NaOH does not allow the dissolution
of silica and aluminum in GBFS and MK, while the latter require sufficient Na* to be dissolved. Huseien
et al. [37] carried out a study on the effect of NaOH concentration in a geopolymer matrix. They
indicated that the mechanical properties and microstructures of the geopolymer were improved with a

concentration of 12M as chosen in this study.

Regarding MPCM, three concentrations were chosen of MPCM in the two types of mortar (cement-
based and geopolymer) such as 0; 5 and 10. The method chosen for the incorporation of MPCM in the
geopolymer is the method of replacement of sand by MPCM. This method is the most used in this field
and, according to the study by Pilehvar et al. [38], its use allows the least reduction of the mechanical

performance.

Table 2 illustrates the mixing proportions in kg/m®. The first three formulations are based on

standardized cement mortar while the last nine are based on geopolymer.

The quantity of water in the two alkaline solutions is considered to have a water/binder ratio equal to

0.5.

Table 2. Formulations of cement Il mortars and geopolymer mortars (kg/m?).
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Mixtures proportions (kg/m?)
Sample Cement GGBS MK Sand MPCM NaySiO; NaOH MGP MCII

water water

MClloor 585,9 - - 17578 - - - - 293,0
MClowoss 585,9 - - 1673,8 284 - - - 293,0
MCloo/10 585.9 - - 15820 56,8 - - - 293,0
MGP 1001010 - 439,5 - 17578 - 2679 127,77 42,6 -
MGP 10010/ - 439,5 - 16738 284 2679 12777 42,6 -
MGP 1000110 - 439,5 - 1582,0 56,8 2679 127,77 42,6 -
MGPoo10i0 - 3955 439 17578 - 2679 127,77 42,6 -
MGPoo/10/5 - 395,5 439 1673,8 284 2679  127,7 42,6 -
MGPoo/10110 - 3955 439 1582,0 56,8 2679 127,77 42,6 -
MGPso2010 - 3516 879 17578 - 2679 12777 42,6 -
MGPso12015 - 351,6 879 1673,8 284 2679 127,77 42,6 -
MGPso010 - 3516 879 15820 56,8 2679 12777 42,6 -

The standard NF 196-1 [39] was followed for the fabrication of standardized cement mortars, which
were chosen as a reference for comparison with geopolymer-based mortars. However, regarding the
mixing of geopoloymers, GBFS and MK were mixed with alkaline solution and water for 90 seconds to
produce a homogeneous paste [19,20]. The mixing was followed by the addition of sand and mixed for
5 minutes and finally MPCM was added and mixed for 2 minutes.

The idea of increasing the mixing time is recommended by Ahmari et al. [40] and is intended to allow

the efficient dissolution of silica, alumina, and calcium (Ca) in the alkaline solution. After the mixing
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procedures, standardized cement mortars and geopolymers were used for the measurement of
workability. After this step, the casting is done in specimens of 40 x 40 x 160 mm? and vibrated using
an impact table and are stored in an air-conditioned room (temperature 20 + 1° C and relative humidity
50 + 5%)) for 48 hours before demolding. All samples except the standardized cement mortars (water
conservation) were covered with plastic films.

2.3. Experimental methods

In this research, all the experiments tests were carried out at room temperature, i.e., between 19 °C and
21 °C, excepted the thermal properties (see dedicated item). All the tests, including age of mortars, are
listed in Figure 3. The samples used have the same dimensions (40 x 40 x 160 mm?®) for mechanical

tests, water porosity and thermal properties determination.

Geopolymer-MPCM mortar C h a ra Cte rizatlo nm ethOdS Portland cement-MPCM mortar

GBFS MK Cement Sand

m[kal'ine3 © . = Q, e “MKM +

Sand MPCMV Water

o+ ::{ﬁ Workability E * B

Geopolymer-MPCM mortar Portland cement-MPCM maortar

28 days
—

Physical properties

Thermal properties Ccpressive strength

Figure 3. Characterization methods

The workability test was carried out directly after mixing according to standard NF P18-452 [41] using
a workability meter. The test consists in measuring the flow time of mortars under the effect of the
vibration caused by the vibrator. The water porosity was determined according to the NF P 18-459
standard [42].

Morphological analyses were performed using a ZEISS €VO®4 scanning electron microscope (SEM)

combined with a BRUKER markeer energy dispersive X-ray spectroscopy (EDS) analyzer. The analyses
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were performed on fractured samples after 28 days of curing. Indeed, the geopolymer samples were
placed in the oven at 60°C to limit hydration before the SEM analyses. XRD analysis was performed on
samples ground to powder using a mortar pestle, then sieved using an 80 pum sieve after 28 days of
curing. Hydration was then stopped using an acetone quench. Measurements were performed using a
SEIFERT MZ VI E X-ray diffractometer with Co Ko radiation and a constant scanning speed in the

range 20 = 15°-115 °.

Compressive strengths were performed according to the NF EN 196-1 [40] standard. These tests were
carried out on six samples to ensure good repeatability. Dynamic Young's modulus measurements were
performed following the ASTM E 1876-01 standard [43] and using the Grindosonic apparatus. These
measurements were performed on three samples of each formulation at 2, 7, 14, 21, 28, 56 and 90 days.
The technique is based on pulse excitation of the vibrations. This modulus is calculated with the use of
the equation 1 and by using the flexural frequency (fr) obtained during the measurement with the

dimensions and weight of the samples:

m X f# L3
E = 0.9465 X T X t_3 X Ty (D)

With E, f, m, L, b, t represent the Young’s modulus (Pa), flexural frequency (Hz), mass in (g), length
in (mm), width in (mm) and thickness in (mm) of the sample. T; represents correction factor that
accounts for the finite thickness of the bar, Poisson’s ratio, and so forth.

One of the main objectives of this work is to evaluate the thermal properties of the materials studied
here to determine their thermal performance so that they can be used in the future in a real application.
In the research field, there are two techniques for measuring the thermal properties of a material; namely,
the steady-state measurement technique and the non-steady-state (transient) measurement technique
[44]. Transient measurements have attracted a great deal of research because of their speed and accuracy.
Among these is the hot disk technique which uses the transient planar source technique (Hot Disk TPS).
The advantage of this method is that it can measure the thermal properties of a wide range of materials

and measure the thermal conductivity in the range of 0.005 to 500 W/m.K.
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The Hot Disk method can measure three thermal properties at the same time, such as thermal
conductivity, thermal diffusivity, and specific heat capacity, using the TPS sensor, which has two roles
(heat transmitter and temperature measurement receiver) [45].

Nevertheless, thermal property measurements with the TPS Hot Disk are often performed in an
environment where the temperature is ambient (between 20 and 22°C). This is not possible in our case
due to the melting temperature of the MPCM used in this study (between 26 and 28°C). Given this
constraint, the measurements were carried out in a climate controlled chamber with a temperature range
between 15 and 40°C and a constant humidity of 50%. The climatic chamber used is the KBF 720 type.
Its temperature ranges are between 0 and 70 ° C while the relative humidity ranges are between 10 and

80 %.

Figure 4 shows a picture of the climatic chamber and the hot disk device with the measurement samples.

Climatic chamber § » Tk H
Climatic chamber

interiar

“ﬁd Sample

Hat disk device

Hot disk
sensor

Figure 4. Thermal measuring device, A: climatic chamber and hot diskt; B: interior view of the

climatic chamber; C: the measuring sensor

The thermal conductivity is influenced by the moisture content of the measurement samples. Due to this
influence, the measurements were carried out on samples dried at 60 °C until they had a constant mass.
This drying method was recommended by Zhang et al. [46]. Thermal measurements are performed by
placing the sensor on the upper surface of the sample, which is connected to a data acquisition unit as

shown in Figure 4.
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3. Results and discussion
3.1. Workability

Figure 5 shows the flow time of the different formulations studied. It should be noted that the main ratios
[Water/Binder, (GBFS+ MK)/SA, SS/NaOH and NaOH concentration] that affect the workability of the
geopolymer were fixed. The increase in the ratio (GBFS+ MK)/SA increases progressively the flow
time, which means that the workability of geopolymer mortars decreases with the incorporation of raw
materials (GBFS+ MK). This decrease is due to the high water demand of raw materials, especially
metakaolin, which has a high specific surface [14]. On the other hand, increasing the SS/NaOH ratio
and the concentration of NaOH increases the viscosity of the activation solution and thus reduces the

flow of the mortar. This is due to the very high viscosity of sodium silicate and sodium hydroxide [47].

Then the only variables in this study are the MPCM in both types of mortar (cement-based and
geopolymer) and the MK in the geopolymer mortar. Cement mortar without MPCM showed a flow time

of about 7 seconds that is confirmed from the literature [14].

Furthermore, as the MPCM concentration increases, the flow time increases for both types of mortars,
meaning that workability is reduced. This effect is attributed to the agglomeration of MPCM during
mixing due to its small size. This causes a larger water adsorption surface compared to the sand surface.
Indeed, MPCM traps water and prevents it from penetrating the matrix, which results in a decrease in
workability. In fact, MCPM strongly affected cement mortars while it did not show significant effects
on geopolymer mortars. This difference is explained by the very high workability of geopolymers
compared to cement-based mortars. This is related to the difference in activation of aluminosilicate
materials compared to cement-based materials, as confirmed by Muhammad et al. [48] and Deb et al.

[49].
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Figure 5. Workability of different formulations

It is further observed that there is a slight increase in the flow time in all the mortars of geopolymers
with 10 and 20% MK. This increase is related to the water demand of MK due to its large specific

surface area.

Based on the comparison with the flow time of cement-based mortars, geopolymer-MPCM mortars
showed good workability using up to 10% MPCM and 20% MK where the maximum flow time is equal

to 4.9 seconds that is lower than the flow time of Portland cement-based mortar (7 seconds).

3.2. Microstructural analysis

Morphological analyses were performed with SEM for the observation of the microstructure of the
geopolymer samples and EDS for the analysis of the elemental composition. Figure 6 compares the

fractured geopolymer samples MGPoo00 (Figure 6.A) and MGPson00 (Figure 6.B).

The SEM observations clearly show the appearance of additional gels in the matrix with 20% MK
(Figure 6.B), while this appearance of gels was not observed in the matrix with 0% MK. The EDS
analyses showed the presence of the main elements Si, Al, Ca, Na, which shows the formation of CASH
gel, the main component of the GBFS activation [35,50]. Indeed, the analyses also show a higher content
of the main elements mentioned previously for the MGPsgo»00 formulation compared to the MGPioo010

formulation. The increase in Si, Al, Ca, Na confirms the presence of NASH in addition to CASH gel in
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Figure 6. Microstructures of fractured samples at 28 days, A: MGP1oo00; B: MGPsor010.

Table 3 compares the elemental compositions obtained by EDS of the geopolymer mortars MGP10o/0/0,

MGP1o0/0110, MGPsor200, and MGPsgop0/10.

Table 3: Elemental COInpOSitiOHS of MGPmo/o/o, MGP100/0/10, MGPgo/zo/o, MGPgo/zo/m .

Elemental compositions (%)
(0]

Si

Al

Ca

Na

MGP1o0100
60,69
14,68

3,64
15,05

3,31

Specimen

MGPso200  MGP1o0010

54,71 65,91
18,16 14,32
3,94 2,79
19,35 12,29
3,20 3,66

MGPs0/20110

58,17
20,97
3,74
14,06

2,25
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Si/Al 4,03 4,60 5,13 5,60

Table 3 shows that the concentrations of silica, calcium and aluminum increased after the addition of
20% MK. The mass content of silica is equal to 14.68% in the case of MGP1o000 while it increased to
18.16% with 20% MK (MCPso200). This content also increased from 14.32 to 20.97% in the geopolymer
mortar which contains 20% MPCM after the inclusion of 20% MK. Indeed, the main precursors of MK
activation are Si and Al, which may indicate that the high silica and alumina content of MK was well
dissolved by alkaline activation to form Si-O-Si and Si-O-Al bonds. On the other hand, the increase in
silica content increased the Si /Al ratio, confirming that the Si-O-Si bond was dominant over the Si-O-
Al bond. The Si/Al ratio increased from 4.03 in the MGPp00 matrix to 4.60 in the MGPso/200 matrix,
and from 5.13 in MGPiooo10 to 5.6 in MGPsono10. The increase of the Si/Al ratio improves the

microstructure of the geopolymer, which results in an increase in its mechanical performance [30,51,52].

Moreover, it is also noted that the calcium content increased after the addition of MK, showing that the
calcium reacted well to the addition of MK and that its dissolution is not disturbed by the presence of
the 12M NaOH concentration. The increase in the calcium content increases the mechanical

performance of the geopolymer, as it will be shown in section 3.5 [34,53,54].

In addition, the presence of CASH and NASH gel can be confirmed by the mass ratio values in
percentages of Na/Si, Al/Si, Ca/Si. The Na/Si ratios are between 0.10 and 0.22 and Al/Si ratios are
between 0.17 and 0.24. They are in the range of the study by Ibrahim et al. [51] from which they
confirmed the appearance of these gels. On the other hand, the Ca/Si ratios are between 1.02 and 1.06,
which are higher than their ratios. This difference is due to the use of up to 80% GBFS in this study with

high calcium content.

3.3. X-ray diffraction analysis

Figure 7 shows the XRD analyses performed on the powders of samples MGPioo00, MGPoo/100 and
MGPsononat 28 days. From a global point of view, it appears that all the samples show crystalline phases.

Around the 35° peak, the presence of hillebrandite of chemical formula Ca, SiO3 (OH), is observed in
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all samples. Indeed, hillebrandite belongs to the CSH family of gels; Mijarsh et al. [30] explained that
with the presence of aluminum, the main composition of CSH turns into CASH gel. These results were
observed in EDS in the previous section (3.2) and are due to the use of up to 80% GBFS which leads to

the creation of CASH gel in general.

Several researchers have confirmed the presence of hillebrandite around this peak at 35° [30,55,56]. On
the other hand, Mijarsh et al. [30] have noted that hillebrandite serves the improvement of the
mechanical performance of the geopolymer. These results are in good agreement with the mechanical

performance results in Section 3.5.1.

Q: Quartz (SiO,)
Q (|2 H: Hillebrandite (Ca , SiO ; (OH) , )
"\ ” J: Jadeite (NaAISi,0,
W‘\\ J H
S A

Intensity (a.u)

Qi b 89 QQ v

MGP90/10/0

MGP100/0/0

55 75 95 115
2 Theta (degree)

Figure 7. X-ray diffraction of samples MGP100 10/0; MGPoo /100, MGPgor00) at 28 days.

After MK inclusion, the peak of jadeite (NaAlSi»Og) increased around 33°. Jadeite is a member of the
NASH family (the main gel for MK activation) [30]. It has a crystal structure with tetrahedral Si
coordinated in single chains and Al and Na in octahedral coordination [30,57]. The presence of
hillebrandite and jadeite in a single matrix confirms the coexistence of NASH and CASH gel and results
also in a high mechanical strength [51,55]. According to Ibrahim et al. [51], the CASH and NASH gel
renders the microstructure very compact and dense and this serves to improve the mechanical strength.
Indeed, this can be explained by the dissolution of silica, alumina, and calcium, which serve to fill the
small pores in the geopolymer matrix [50]. EDS analysis also showed that the silica, alumina, and

calcium contents were increased after the addition of MK.
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On the other hand, around the 60° peak, the intensity of the hillebrandite plus quartz (SiO,) peak was
increased. This clustering may be related to the participation of calcium after the inclusion of MK in the
formation of the CASH gel with the presence of the NASH gel. The EDS confirmed the same
observations where the calcium content was increased after the inclusion of MK. Regarding this
observation, it is not possible to confirm these results because the samples used are in the form of mortars

(presence of sand). Quartz is therefore the main element of the sand.
3.4. Water porosity and apparent density

Figure 8 shows the water porosity results as well as the density of the studied samples. It indicates that
the cement-based mortar without MPCM presents a porosity of 17.90%. This value is approximately
similar to that reported in several studies that have investigated porosity for standardized cement mortars

[14,58].

It is noted that the porosity values of geopolymer mortars without MPCM are lower than those of
cement-based mortars. This difference may be related to the difference in workability between the two
types of mortars in section 3.1. Yang et al. [59] mentioned similar observations and cited that the

improvement of the workability of geopolymer reduces its porosity.

In addition, the increase in MPCM concentration caused an increase in porosity and a decrease in density
of all the samples studied. The decrease in density may be caused by the difference in density between
the sand (2.6 g/cm?) and the MPCM (0.84 g/cm®). Furthermore, the increase in porosity may be due to
the MPCM not filling the matrix cavities due to their agglomeration surface area being larger than that
of the sand. This agglomeration surface serves to adsorb a small amount of the binder paste, while this

can produce voids during mixing and increase porosity.



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

A:Porosity at 28 days B: Apparent density at 28 days

B Mortar cement Il W Mortar geopolymer with 0% MK W Mortar cement I W Mortar geopolymer with 0% MK

W Mortar geopolymer with 10% MK B Mortar geopolymer with 20% MK B Mortar geopolymer with 10% MK = Mortar geopolymer with 20% MK

2300 2195,8
. T 2176,2
> 2200 2155,7 2047,2
16,8 = 2068, 2031,8 20475
2100
; 137144 > 2 z 2026,7 1957,2
%
E=NE S 2000 196231 96,1
o o° 1 908
5 o
@ 10 § 1900
. 3 1800
Q
<
o 1700
0% MPCM 5% MPCM 10% MPCM 0% MPCM 5% MPCM 10% MPCM
MPCM concentration (%) MPCM concentration (%)

Figure 8. Water porosity and apparent density at 28 days.

However, the addition of MK shows no effect on porosity, showing that MPCM exerts a major effect
on controlling the porosity of the geopolymer samples studied here. In contrast to the porosity results,
the density was improved after the addition of MK in the samples without MPCM. This improvement
was due to the high reactivity of MK compared to GBFS, which promoted the good dissolution of silica

and aluminum to form new NASH and CASH gels in the matrix, as shown in Sections 3.2 and 3.3.

3.5. Mechanical properties

3.5.1. Compressive strength

Figure 9 shows the results of the compressive strength at 28 and 90 days. Globally, it should be noted
that there is no significant difference between the compressive strength between 28 and 90 days for
geopolymer mortars, contrary to cement-based mortars, which show an increase in their compressive
strength between 28 and 90 days. Geopolymer is considered as a material that can gain most of its
mechanical strength in the first few days of curing due to its strong chemical bonding, unlike cement-

based materials.

Bernal et al. [34] found that there is no difference in the compressive strength between 28 and 90 days
for geopolymer without the addition of metakaolin (100% GBFS), while Bai et al. [60] pointed out that
the increase in the GBFS rate serves to accelerate the development of the mechanical strength of the
geopolymer. This may explain why there is no great difference between the 28- and 90-day time frames

in this study.
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The compressive strength of geopolymer mortars (with and without MPCM) is higher than the
compressive strength of cement-based mortars. This may be related to the optimal formulation ratios
that have been set according to the literature [14,34,37] and that have contributed to the improvement

of geopolymerization.

The compressive strength of cement-based mortars decreases as the rate of MPCM incorporation
increases. After 28 days, the compressive strength decreased from 32.6 to 29.2 MPA with 5% MPCM
and then to 25.6 MPA with 10% MPCM. The effect is remarkably similar after 90 days. In the case of
geopolymer-based mortars containing 0% MK, the same results are obtained. The compressive strength
value in this case decreased from 69.9 to 50 MPA with 5% MPCM and reached 40.8 MPA with 10%
MPCM after 28 days. Therefore, the rate of reduction of mechanical performance of geopolymer mortars

with 10 and 20% MK is less compared to geopolymer mortars without MK.

The compressive strength value for the 10% MK geopolymer mortar is reduced from 69.08 to 60.12
with 5% MPCM, and then it is reduced to 47.9 MPA with 10% MPCM, while for the 20% MK

geopolymer mortar, the value is reduced from 78.5 to 58.9 until it reaches a value of 49.5 MPA.

This reduction in compressive strength is caused by the effect of replacing MPCM with sand. Recall
that MPCM has replaced a certain volume percentage of sand in the matrix. Therefore, MPCM has low
stiffness and mechanical strength compared to sand and can easily break under compressive force
[7,18,23]. Furthermore, the increase in matrix porosity after MPCM incorporation is one of the causes

of the reduction in mechanical strength as observed in the results detailed in the section. 3.4.

A:Compressive strength at 28 days B:Compressive strength at90'days

W Mortar cement |l m Mortar geopolymer with 0% MK M Mortar cement I W Mortar geopolymer with 0% MK
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Figure 9. Compressive strength; A: 28 days; B: 90 days.
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In addition, it can be observed that the geopolymer mortars with 0% MK showed a high mechanical
strength. This increase is caused by the high activator content and is due to the high Si/Al ratio [61]. The
presence of this high ratio in this study can be explained by the good dissolution of silica ions and
alumina of the GBFS due to the high PH of the solution, which results in a gel with high mechanical

performance [34].

Moreover, the addition of 10% MK in geopolymer mortars with MPCM concentrations (5 and 10%) led
to an increase in compressive strength at 28 days. The value increased from 50.06 to 60.12 MPA
(geopolymer mortar with 5% MPCM) and from 40.8 to 47.9 MPA (geopolymer mortar with 10%
MPCM) compared to the mortar without MK. The same effect of the addition of MK on the increase of
compressive strengths is observed also at 90 days. On the contrary, the addition of 10% MK did not
show any improvement in the compressive strength for geopolymer mortars without MPCM. About this
observation, the CASH and NASH gels created after the addition of MK showed a significant effect on
the mortars that have both concentrations of MPCM. Indeed, these mortars showed a high porosity,
while CASH and NASH gels are generally used to fill small pores [51]. This observation may be the

reason for the improved compressive strength.

In the case of the addition of 20% MK, the compressive strength is almost the same in the case of 10%
MK compared to the geopolymers with 5 and 10% MPCM, but for the geopolymers without MPCM,
the strength was increased from 69.9 to 78.5 MPA at 28 days and it reaches 81.6 MPA at 90 days. This
effect of increased compressive strength can be explained by the small particle size and large specific
surface area of MK compared to GBFS, which allow for accelerated reactivity [31,62] on the one hand,
and the large amount of Al;O3 and SiO:; in MK. These two effects led to an improvement in
geopolymerization by producing sodium aluminosilicate hydrate (NASH) gel and calcium silicate
hydrate (CASH) gel in addition to the CASH produced by the activation of GBFS, which are rich in

calcium [34].

In a matrix that contains both NASH and CASH, the geopolymerization process proceeds through the

following steps:
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1. The NASH gel is formed in a system containing Na,O-Al,03-Si0,-H>O and starts with the
dissolution and hydrolysis of the silica and alumina of the aluminosilicate material to form Si-
OH and Al-OH bonds and continues with a condensation. The hydrolysis of Si and Al is

presented in the following equations (2), (3), (4) [30,63]:

ALOs + 3H,0 + 20H- — 2[Al(OH)4]- 2)
SiO, + H,O + OH™ — [SiO(OH)s]- 3)
Si0, + 20H- — [SiOx(0H),]* )

However, the activator content (Na and Si concentrations) has a very important role in the
condensation process, which strongly influences the properties of the geopolymer [30]. The use of
a high activator content as in this study favored the condensation to form oligomeric silicates, which
generate rigid polymeric 3D structures [poly (sialate-siloxo) and poly (sialate-disiloxo)] with Si/Al
ratios greater than 2. Otherwise, the use of a low concentration of activator results in poly (sialate)

polymer structures with Si/Al ratio equal to 1 and accompanied by low mechanical strength [30].

The EDS analyses in section 3.2 confirm that the Si/Al ratio is higher than 2, which explains the

better mechanical strengths found in this study.

2. The CASH gel is formed in a system containing CaO-NayO-Al,03-Si0, -H»>O. Calcium
influences in a very important way the acceleration of the hardening and the improvement of
the mechanical performances of the geopolymer because of its additional nucleation sites
[30,34]. This may be one of the reasons for the improvement in mechanical performance, and
the EDS analysis shows that the calcium content was increased after the addition of MK. The
increase in this content confirms that it was indeed involved in the formation of both gels. These
are two mechanisms cited by other researchers [30,40,64] to explain how calcium is involved
in the geopolymer system. The first states that Ca?* acts as a charge balancer and this allows it
to be integrated into the geopolymer network. The second mechanism indicates that Ca is a
contributing element to the formation of a CASH gel which has the possibility to coexist with

the NASH geopolymer gel as explained above.
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The reason for the increase in mechanical performance may be that the CASH and NASH gels
caused by MK activation filled the pores caused by MPCM, which was not observed in the

geopolymer with 0% MK.

The other reason for the improved mechanical performance may be related to the strong chemical
structure of the geopolymer after the addition of MK. This effect is confirmed by EDS, which shows
that the silica content increased after the addition of MK, which increased the Si/Al ratio. With the
increase in Si content, more silicate species are available for condensation and reaction between
them, resulting in more oligomeric silicates and they become dominant [62]. Researchers have
shown that oligomeric silicates of Si-O-Si bond are stronger than those of Si-O-Al and AI-O-Al.
This can explain the increase in compressive strength of geopolymer mortars after the addition of

MK, on the other hand [14,65].

3.5.2. Dynamic Young's modulus

The results of the Young's modulus at different times (2, 7, 14, 21, 28, 56 and 90 days) are shown
in figure 10. First, it can be noticed that this modulus develops with the curing time for both types
of mortar. This observation is an indication that the hydration of the cement and the
geopolymerization remain continuous during this time. Comparing the hydration time for cement
mortar and geopolymer, it is observed that the values of this modulus continue to increase for cement
mortars up to 90 days, while for geopolymer their values have been stabilized from the 14th day.
This is due to the very rapid acceleration of the mechanical strength of these materials compared to

cement-based materials [60].

Contrary to the compressive strength values, the Young's modulus values of the cement-based
mortar are higher than those of the geopolymer mortar. Although this effect has been granted
according to the literature [14,58,66], which cites that geopolymer possesses low rigidity, in contrast
the values of this modulus in this study are very close to those of standardized mortars with a

maximum value equal to 35.1 GPA at 90 days (geopolymer mortar with 20% MK without MPCM).
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Figure 10 shows that the inclusion of MPCM decreased the Young's modulus for the two mortars
(cement and geopolymer). These results are like the compressive strength results in the previous

section (3.5.1).

The values of Young's modulus of cement-based mortar decreased from 35.7 GPA to 32.6 and 28.6
GPA with 5 and 10% MPCM at 28 days. This decrease after the incorporation of MPCM was
accorded with the study of Savija et al. [67]. Moreover, the same effects are observed in geopolymer
mortars with 0% MK from which the values decreased from 34.0 to 27.7 and 19.8 GPA with 5 and

10% MPCM.

The reason for the decrease in Young's modulus is explained in section 3.5.1 of compressive
strength. The Young's modulus depends on the strength of the material [68], so the inclusion of
MPCM decreases the rigidity of the matrix due to its low rigidity compared to sand. The second
reason may be due to the porosity caused by these materials, which decreases the flexural resonance

frequency (fy) while the latter is the main element that controls this modulus.

Figures 10.C and 10.D show that the MK inclusion rates improved the Young's modulus for all
geopolymer samples. The addition of 10% MK increased the Young's modulus value of geopolymer
mortars from 34.1 to 34.9 GPA (0% MPCM) and from 27.7 to 32.1 GPA (5% MPCM) and from

19.9 t0 26.6 GPA (10% MPCM).

Similar remarks are reported in Figure 10.D (20% MK), which shows that the addition of 20% MK

increased the Young's modulus values to 35.1, 29.9 and 26.4 GPA.

The optimum MK content is 10% for geopolymer-MPCM mortars, but for geopolymer mortars
without MPCM, the optimum content is 20% MK. These results are in good agreement with the
compressive strengths and can be explained by the pore filling effect caused by the activation of

silica and alumina in the MK.



556

557

558

559

560

561

562

563

564

565

566

567

= 0% MPCM ¢ 5%MPCM

A: CM mortar

37,9[10

33,235

23,5 30
29,3

25

20,4 o

17,9
15

10
5

2R NN W oW s
wo hond e

Dynamic Young modulus (GPA)
o

2 7 14 21 28 56 90 O
Curing age (days)

2

10 % MPCM

B: GP mortar with 0% MK

C: GP mortar with 10% MK

27.8 25 25

196 0 A5 26620
19,4 15 15

133 10 10
5 5

0 0

7 14 21 28 56 90

Curing age (days)

Curing age (days)

D: GP mortar with 20% MK

35

30,0

5ot 26,4
18,2

2 7 14 21 28 56 90

Curing age (days)

Figure 10. Young's modulus as a function of curing time, A: (cement-based mortar), B:

(Geopolymer mortar with 0% MK); C: (Geopolymer mortar with 10% MK); D: (Geopolymer mortar

with 20% MK).

Figure 11 represents a comparison of dynamic Young's modulus results on geopolymer mortars with

other researchers who have used dynamic methods to evaluate the values of this modulus [14,69].
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Figure 11. Correlation between dynamic Young's modulus and compressive strength at 28 days.

According to figure 11, there is a good correlation between this modulus and the compressive

strength expressed by a linear variation with a correlation coefficient R2 = 0.96 for our geopolymer

mortars and those of Hasnaoui et al. [14] and a linear correlation for the mortars of Mobili et al.



568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

[69]. Indeed, Duxson et al. [65] indicated that the Young's modulus of the geopolymer is correlated

with its compressive strength.

The results presented in this study are higher than the reference results mentioned. This is probably
the consequence of the use of 80/20 GBFS and MK, in contrast to Hasnasoui et al. [14] who used
50/50 GBFS and MK, and the use of Mobili et al. [69] up to 100% fly ash. The CASH gel formed
by GBFS activation is denser compared to the NASH gel and has a higher pore filling capacity
[70,71], which may explain the better mechanical performance obtained in this study compared to

the two references above.

3.6. Thermal properties

Figure 12 shows the thermal properties of two types of mortars at different measuring temperatures.
These measurements were performed in a temperature range that is between 15 °C (MPCM in solid
state) and 40°C (MPCM in liquid state). It can be clearly shown that the rate of increase of MPCM
concentration caused a decrease in the thermal conductivity of two mortars (cement-based mortar
and geopolymer-based mortar) independently of the measurement temperature. The reason for this

decrease in the two cases can be explained by the two effects below:

* The first effect is attributed to the low thermal conductivity of MPCM (about 0.2 W/m.K),
which replaced sand while the latter has a higher thermal conductivity. This effect was
confirmed by the measurements that were carried out in the materials section (2.1).

* The second effect is the appearance of voids in the matrix after the incorporation of MPCM
(see figure 8). These voids will transfer the heat flow from the state of conduction to the

state of convection, resulting in a decrease in thermal conductivity.

However, the thermal conductivity in the solid state (measured at 15°C) of the two mortars with the
two MPCM concentrations is higher compared to the thermal conductivity in the liquid state. This
is confirmed by the study of Cui et al. [25] and Cao et al. [7] and due to the thermal conductivity of
the solid state paraffin, which is generally higher than its thermal conductivity in the liquid state.

Additionally, Sasaguchi et al. [72] have shown that the thermal conductivity of paraffin-type phase
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change material (n-octadecane) in the solid state is equal to 0.358 W/mK while in the liquid state is

equal to 0.148 W/mK.

Nevertheless, the MPCM did not show an improvement in the specific heat capacity of the cement

mortars and that of the geopolymer without MK (figures 12 A and B).

This consequence can be related to the low thermal conductivity of the samples presented in figure
12 and due to the presence of more voids which appeared (figure 8 A). Indeed, these voids did not
allow the ambient heat to transmit to the microcapsules to be stored on the one hand and can be
related to the hot disk sensor which did not capture the latent heat stored by the MPCM on the other

hand.

These results are not in agreement with the following references [9,18,73] which found an
improvement in heat capacity with the use of the DSC method. When using the DSC method, the
sample tested is in the form of a homogeneous powder with a mass of about 1-10 mg. Therefore, this

method does not consider thermal conductivity, unlike the hot disk method used in this study.
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Figure 12. Thermal properties at 28 days; A: (cement-based mortar), B: (Geopolymer mortar with

0% MK); C: (Geopolymer mortar with 10% MK); D: (Geopolymer mortar with 20% MK).

In contrast to geopolymer mortars without MK, all samples with 10 and 20% MK showed the highest
specific heat capacity at the melting point of MPCM (between 25 and 30°C) and at the solidification
point (between 15 and 20°C). The highest value of specific heat capacity reached 1280.76 J/Kg.K at
the melting range for MGPgo20/10 (20% MK and 10% MPCM). This value is close to the one that is in
the study of Cao et al. [7] who found a value of 1500 J/kg.K at the melting point of MPCM while they
used up to 72 kg/m? of MPCM while in this study the concentration of MPCM is equal to 56.8 kg/m>.
The same improvements were accorded by Shadnia et al. [18], who found an improvement in specific
heat capacity up to 1200, 33 J/kg.K. With this value of specific heat capacity, the conclusion of the
study by Shadnia et al. [18] indicates that the internal temperature measurements of two cells
constructed with geopolymer-MPCM mortar showed a reduction of 4.5 and 5.5 © C compared to a
reference cell that does not contain MPCM. In this case, the improvement of the specific heat capacity

is related to the increase of the thermal conductivity.

Figure 13 is extracted from Figure 12. It shows the effect of the addition of MK on the thermal
conductivity of geopolymer mortars in the solid state where the measurements are taken at 15°C. This
point was chosen because the effect of adding MK on the thermal conductivity is roughly similar

compared to the other measurement points.
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Figure 13. Thermal conductivity of geopolymer mortars at 15°C as a function of MPCM

concentration before and after MK addition.

In Figure 13, it is clearly shown that the inclusion of two MK rates (10 and 20%) increased the
thermal conductivity by 6 and 26.32% for the geopolymer mortar with 0% MPCM. This increase
translates into an improvement in thermal conductivity of about 0.137 W/mK and 0.52 W/mK. On
the other hand, an improvement in thermal conductivity of 23.01; 23.72; 24.16 and 24.16% is
observed for geopolymer mortars with 5 and 10% MPCM. The increase of thermal conductivity
after the inclusion of MK can be explained by the decrease of voids in the matrix due to the creation
of gels in the geopolymer matrix, as several researchers have mentioned the advantage of the good
reactivity of MK [14,34,53]. In addition, Ibrahim et al. [51] pointed out that the high Si content

observed in the EDS leads to the filling of the pores of the studied matrix.

Figure 14 was obtained from the SEM for MGPs/2020 (20% MK and 20% MPCM). It shows a good
cohesion of the geopolymer paste with the MPCM, which can explain the improvement of the
thermal conductivity of the total matrix after the addition of MK and might be due to the increase

of the thermal flux that was transmitted during the measurement.

2 e EHT=1500kV  Signal A= CZBSD Chambre = 3732004 Pa G: :-a
WO = 10.5 mm Grand.= 198 KX =

Figure 14. Cohesion of the geopolymer paste with MPCM.
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XU et al. [74] added carbon nanotubes to a cement matrix to increase its thermal conductivity after
incorporation of PCM (without capsule). They found an increase of about 45% in thermal conductivity.
Their study reveals that the increase in thermal conductivity improved the heat storage performance of
PCM. On the other hand, they monitored the time taken for the temperature to increase from 27 to 31°C.
Their results showed that the heat storage and release time decreased compared to the reference sample
by about 181 seconds for the heat storage process and 266 seconds for the heat release process.
Increasing the thermal conductivity of geopolymer mortars will help the MPCM to charge and discharge

its latent heat, thus improving its thermal performance in actual construction.

Figure 15 shows a correlation between the Young's modulus and thermal conductivity of geopolymer
mortars at 28 days. A linear correlation expressed by a correlation coefficient R2 = 0.95 is noted. These
two properties are dependent on the density of the material, which may explain this linear correlation.
A similar correlation between dynamic Young's modulus and thermal conductivity is presented in the

study of Barnaure et al. [75] for other material constructions.
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Figure 15. Correlation between dynamic Young's modulus and thermal conductivity at 28 days.
4. Conclusion

The objective of this study was to use the coexistence of two NASH and CASH gels by the inclusion

of metakaolin to overcome the negative effects of MPCM incorporation in blast furnace slag-based
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geopolymer mortars. The conclusions of the different tests after the inclusion of metakaolin are as

follows:

* The geopolymer-MPCM mortars showed good workability with up to 10% MPCM and 20%
MK. The maximum flow time was equal to 4.9 seconds, which is lower than the standard mortar
flow time of 7 seconds.

+ SEM, EDS and XRD analysis confirmed that incorporation of metakaolin into the blast furnace
slag matrix produced CASH and NASH gel as stable reaction products.

+ EDS analysis revealed a higher Si/Al ratio, which means it has the potential to produce a dense
and compact bonding geopolymer.

* The compressive strength of geopolymer-MPCM mortars is between 49 and 61 MPa and is

sufficient for structural applications.

* The CASH and NASH gels formed after the addition of MK increased the thermal conductivity,
and the latter improved the specific thermal capacity of geopolymer-MPCM mortars. The
maximum value obtained is equal to 1280 J/Kg.K This value is higher than the thermal capacity

values of Portland cement mortars.

Finally, the increase in MPCM rate showed a reduction in mechanical strength and an increase in
porosity, which limit the amount of MPCM that can be added to the geopolymer mortar. Future research
could focus on developing microcapsules with low agglomeration, excellent compatibility with the
concrete matrix and high mechanical strength (robust microcapsule) to overcome these constraints.
These could be a viable option to reduce the loss of compressive strength and the increase of porosity.
On the other hand, this solution will increase the amount of MPCM in the geopolymer, thus increasing

the total thermal energy storage capacity of the geopolymer.
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