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ARTICLE INFO ABSTRACT

Keywords: In this study, stirring speeds during the synthesizing process of the sodium silicate/polyurethane microcapsules

Céme“titious ma_terials were optimized. The yield values of microcapsules at different stirring rates were evaluated. Based on the yield

Is\dllcfr}‘:enlc_apsmanon values and shape of microcapsules, optimized microcapsules were obtained. The measurements of the shell
elf-healing

thickness of microcapsules were performed on the fractured microcapsules by using scanning electron micro-
scopy. The optimized microcapsules were further characterized by means of optical microscopy and nano-
indentation. Load vs. displacement and modulus of elasticity vs. displacement characteristics of the
microcapsules were obtained. The average modulus of elasticity was found to be 633 MPa. The self-healing
efficiency of the optimized microcapsules was evaluated by means of compressive strength tests. The incorpo-
ration of microcapsules reduced the compressive strength of fiber-reinforced mortar by 12-22%. However, it was
observed that the microcapsules enhanced the self-healing capacity (recovery in compressive strength) of the

Sodium silicate

mortar.

1. Introduction

Capsule-based self-healing is an approach in which a healing agent is
surrounded and protected by a shell material. Upon crack formation, the
capsule breaks down and the healing agent releases into the crack. In the
1990s, the first applications of cylindrical capsules in cementitious
composites were investigated within a number of studies [1,2]. The
capsules can be cylindrical (hollow pipettes or tubes) or spherically
made with various range of materials such as glass, polymers, and even
lightweight porous aggregates [3-8]. Choi et al. [6] have encapsulated
cement powder in a cement-based capsule and used in a mortar mixture
to confirm their method. In the study carried out by Sisomphon et al. [9],
expanded clay aggregates were impregnated by sodium mono-
fluorophosphate solution which were then coated by cement powder.
The clay aggregates were used in ground granulated blast-furnace slag
bearing mortars as a self-healing system. Alghamri et al. [10] have also
used lightweight aggregates as the host for sodium silicate.

* Corresponding author.

In the past two decades, microcapsules have gained a considerable
amount of interest in a diverse spectrum of applications [11]. Various
types of microcapsules are being used in many industries such as phar-
maceutical, medical, food, cosmetic, textile, paint, and construction
[12]. Boh and Sumiga [13] emphasized that various types of micro-
capsules were used for a wide range of purposes in building/con-
struction materials production and design. Using microcapsules as a
self-healing method in engineering materials is one of the most note-
worthy applications of them. For the first time, White et al. [14] have
proposed the methodology of using microcapsule based self-healing for
polymer composites. Since 2001, hundreds of studies have been carried
out all over the world to develop the microcapsule based self-healing
system in a various range of engineering materials especially
polymer-based composites. Microcapsule based self-healing approach in
cement-based composites is a relatively new topic as compared to the
polymer composites. Before 2011, there were few studies [15,16] that
have dealt with microcapsule based self-healing method in
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cement-based composites. Since the cementitious materials have
completely different natures, most of the microcapsules developed for
polymer composites cannot provide effective self-healing properties in
cement-based composites. It should be noted that the bacteria-based
self-healing approach was much more popular as compared with
microcapsule based self-healing [17].

Yang et al. [18] have encapsulated methyl methacrylate monomer
and triethylborane as the healing agent and the catalyst through an
interfacial self-assembly process. The shell of these microcapsules was a
silica-based material obtained from a sol-gel reaction. Yang et al. [18]
have reported a significant degree of self-healing in the preloaded
cementitious specimens. It was also stated that the silica-based shell of
microcapsules forms a stronger bond with the cementitious matrix. The
shell can chemically and physically be bonded to the matrix, allowing
the microcapsule to remain stable for years without deterioration. It is
obvious that the adherence between the shell and the matrix must be
strong. If the wall-matrix bond strength is low, the crack will advance
along with the interface and the microcapsule will not break [19]. Perez
et al. [20] have synthesized a new type of microcapsules with a
silica-based shell for self-healing in cement-based composites. They
have encapsulated Epothin® (epoxy compound) as a healing agent
through a sol-gel reaction. The self-healing efficiency of these micro-
capsules was investigated in their other studies [21,22]. Calvo et al. [22]
have reported that although the silica/epoxy microcapsules are well
integrated in the matrix, they can lead to a poor mechanical perfor-
mance of cementitious composite. Dong et al. [23] and Gilford et al. [24]
have encapsulated, respectively, epoxy resin E-51 and dicyclopenta-
diene monomer healing agents with urea—formaldehyde polymer (shell
material). Dicyclopentadiene, as healing agent for cementitious mate-
rials, was also encapsulated within phenol-formaldehyde resin shell in
the scope of the study carried out by Lv et al. [25]. They put the mi-
crocapsules into simulated concrete pore solution and cement paste
samples to examine the stability performance of the microcapsules.
Their test results revealed that the microcapsules have superior stability
performance in the simulated pore solution as well as in the real cement
environment [25].

All of the above mentioned healing agents can only react with a
second component (microencapsulated) or catalyst embedded in
cementitious matrices. In two-component agents, the ratio of the first
component to the second is usually uncontrolled. Especially for epoxy
resins, this ratio is an important factor for complete polymerization.
Therefore, single component agents can be considered more appropriate
because they can function alone. In recent years, a few studies have dealt
with incorporating silica-based microcapsules, as SiO, source, in
cement-based composites [11,26-31]. Colloidal silica was used as a
healing agent/SiO; source in polyurethane microcapsules [27]. Besides,
Kanellopoulos et al. [11] have encapsulated sodium silicate (SS) solution
in gelatin/acacia gum microcapsules through a complex coacervation
technique. Giannaros et al. [29] have used two different kinds of mi-
crocapsules with a solid (mean size of 130 pm) and a liquid (mean size of
500 pm) core SS. The shell materials of these microcapsules were
poly-urea and gelatin-gum Arabic, respectively. Giannaros et al. [29]
have reported that incorporating of 4% the SS-containing microcapsules
could reduce sorptivity values of damaged specimens after a 28-day
healing period. They concluded that the efficacy of the microcapsules
in terms of closing cracks and providing sealing was quantified.

Pelletier et al. [26] have introduced the idea of encapsulation of
aqueous SS solution in polyurethane microcapsules through interfacial
polymerization. The selection of an appropriate production method or
technology depends mostly on the properties of core materials. Kanel-
lopoulos et al. [11] has listed these properties as follows: “the cargo
material state (liquid or solid), type (organic or inorganic), miscibility as
well as its chemical compatibility with the shell materials” ([11] page
2).

In our previous study [31], the sodium silicate/polyurethane mi-
crocapsules were synthesized using various amounts of shell-forming
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Table 1
The stirring procedures performed in each experiment.
Experiment  SS-E SS-FPM SS-P Description
Code (rpm) (rpm) (rpm)
Control 1000 900 800 Same speeds with previous
studies [30,31].
EP1 800 700 600 Reduced speeds.
EP2 700 600 500 Reduced speeds.
EP3 500 400 300 Too low PE speed.
Experiment was failed
EP4 600 600 600 Constant speed.
EP5 500 500 500 Constant speed.
EP6 600 600 800 Higher and constant ES and
SSFPM speeds
EP7 600 500 500 Lower and constant SSFPM
and PE speeds
EP8 600 700 700 Higher and constant SSFPM

and PE speeds

monomer (MDI). The synthesized microcapsules were characterized in
detail through the yield (microencapsulation efficiency), SEM, EDS,
FTIR, TGA, and XRD analyses. In another study [30], the components of
the core material of those microcapsules, the SS and deionized water,
were optimized through the yield and SEM analyses. In this study, the
stirring speeds during the synthesizing process were optimized. It is a
well-known fact that the diameter of microcapsules can be modified by
controlling the stirring speeds as well as altering the synthesizing pro-
cess. As discussed in the previous study [31] the average diameter of
optimized microcapsules (MDI-2) was 29 pm. In this study, it was aimed
to increase the average diameter of the microcapsules without causing
major problems on the other properties (yield values, wall-thickness,
etc.) of the microcapsules. Larger microcapsules can carry larger quan-
tities of core content (healing agent); therefore, they provide increased
healing efficiency as compared to smaller microcapsules [32,33]. Be-
sides, the self-healing efficiency of the optimized microcapsules was
evaluated by means of a compressive strength test.

2. Experimental program
2.1. Microencapsulation

The encapsulation procedure of the MDI-2 [31] and SS/W-50 [30]
microcapsules (shell-forming monomer to core material ratio of 0.67
and SS to water ratio of 0.5) was used as the control procedure in this
study. This microencapsulation process has two main steps as follows: 1)
dispersion of the aqueous solution of SS in the organic phase, 2) addition
of shell-forming solution. Three solutions were prepared in the synthesis
process as follows: 1) S1 is a solution of surfactants in toluene, 2) S2 is a
solution of shell-forming substances in a certain amount of S1 and
toluene, 3) S3 is a solution of SS in deionized water, called core material.
The S3 was emulsified in the S1 solution for 20 min (emulsification).
After the dispersion and stabilization of aqueous SS microdroplets in the
organic phase, the S2 solution was added to the primary emulsion. The
mixture was stirred for 20 min at room temperature to form the primary
membrane. Then, the temperature was gradually increased to 63 °C,
while the stirring speed was reduced. The stirring was continued at 63 °C
for 4 h to grow the membrane (polymerization). The microcapsules were
vacuum filtered, and then washed with toluene for removal of MDI
residue and ethanol/water for removal of surfactant residue and
non-encapsulated SS. The microcapsules were dried at room tempera-
ture for 48 h and then weighed for yield calculation. The details of
materials and microencapsulation processes were presented in preced-
ing studies [30,31].

To produce more microcapsules in a single batch, the amounts of all
materials used in the synthesis process were doubled in this study.
Therefore, the syntheses were carried out in 250 mL beaker instead of
100 mL beaker. A magnetic cylindrical stir bar with a 30 mm length was
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Fig. 1. The aggregation and flocculation of microcapsules synthesized via the
EP7 procedures.

used for agitation. However, it was observed that this cylindrical stirrer
bar was not appropriate for the agitating of the new batch (with doubled
materials). In addition, the length of the stirrer bar (30 mm) was not
enough due to the higher diameter of the 250 mL beaker. Oval and cy-
lindrical stirrer bars with 30, 35, and 40 mm length were tested for the
agitation in this study. The oval one with 40 mm length was the most
suitable stirrer bar among the other bars. The mixtures could be ho-
mogeneously stirred by the 40 mm oval stirrer bar at even high speeds. It
should be noted that the stirring times were kept constant in both pre-
vious and present study.

As can be seen in Table 1, based on the preliminary tests, nine
different stirring procedures were carried out to obtain optimum stirring
speeds. In previous studies, the stirring speed for emulsification (SS-E),
stirring speed for the formation of the primary membrane (SS-FPM), and
stirring speed for polymerization (SS-P) were 1000 rpm, 900 rpm, and
800 rpm, respectively [30,31]. Therefore, the same procedure was
performed in the control experiment. Except for the EP3 experiment, in
which the PE was very low (300 rpm), microcapsules formed in all
experiments.

2.2. Second washing/drying process of microcapsules

As described in previous studies in detail, after vacuum filtration,
sufficient washing, and drying in air, free-flowing powder of micro-
capsules can be obtained. In other words, the aggregation and floccu-
lation of microcapsules were rarely observed in the optimized
microcapsules. However, a certain amount of flocculation can be seen
even in well-optimized and washed microcapsules, especially in the
doubled materials batches (Fig. 1). The flocculation of microcapsules
can lead to an inhomogeneous dispersion of microcapsules in cementi-
tious mixtures. Therefore, the microcapsules were subjected to the sec-
ond washing/drying process.

To obtain homogeneous and free-flowing powder, the microcapsules
synthesized in separate batches were mixed with each other and then,
were dispersed in a certain amount of toluene (1000 mL beaker). The
slurry of microcapsules was agitated with the magnetic stirrer for 20
min. The microcapsules were vacuum filtered, and then washed with
ethanol/water. The wet microcapsules were transferred to watch glasses
and then, were dried at room temperature for 48 h.

2.3. Mortars

2.3.1. Materials
CEM I 42.5 R type Portland cement supplied from Denizli Cement
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Table 2
Properties of the Portland cement used in this study.

Chemical Composition (%) Physical Properties

SiO, 19.1 Specific surface (Blaine) (m?/kg) 369
Al,03 4.40 Initial setting time (min) 110
Fe,03 3.96 Final setting time (min) 166
CaO 61.85 Volume expansion (mm) 1.00
MgO 2.05

NayO 0.27

K>0 0.70 Compressive Strength

SO3 3.72 2 days (MPa) 27.1
Cl™ 0.0004 7 days (MPa) 43.3
Loss on Ignition 1.82 28 days (MPa) 56.0

Table 3

Mix designs of the OM and MM mixtures (kg/ma).

W/C Water Cement Microcapsule fiber ~ Aggregate SP
oM 0.5 250 500 - 143 1372 1
MM 0.5 250 500 25 143 1309 2.5

Factory, Turkey was used in the mixtures. The properties of the cement
are presented in Table 2. Crushed limestone (0-5 mm) was used as
aggregate in mortars. To adjust workability a new generation of Poly-
carboxylic ether-based superplasticizer (SP) (MasterGlenium® ACE
450) supplied from BASF was used. Besides, straight brass-coated steel
micro-fiber with a length of 6 mm, a diameter of 0.16 mm, and tensile
strength of 2000 MPa was used as the reinforcement.

2.3.2. Mix designs

For the compressive strength test, two different normal mortar
mixtures with a water/cement ratio of 0.5 and a fiber content of 2% by
volume were prepared: a mixture without microcapsules called ordinary
mortar (OM) and a microcapsule-containing mortar (MM). Microcap-
sules were used in a concentration of 5% with respect to cement weight
(25 kg/m®). The mix designs of OM and MM mixtures are presented in
Table 3. The dosages of water, cement, and microfibers were kept con-
stant in the mixtures. In other words, the required volume for micro-
capsules was provided by reducing the amount of aggregate. The specific
gravity of the microcapsule was considered as 1.00. This assumption was
based on the specific gravity of raw materials and the high stability of
the water-microcapsules suspension. This assumption in mix design was
also checked by comparing the volume and the unit volume weight of
the calculated and the real fresh mortar. Furthermore, Kanellopoulos
et al. [28] have used a value of ~0.98 g/cm3 for the density of SS-loaded
microcapsules. As expected, the microcapsules have increased the SP
demand. The microcapsules are in powder form and the low density of
microcapsules leads to a higher quantity of particles in a certain volume;
therefore, the specific surface area of the microcapsules is much higher
than the aggregate. Consequently, substitution certain amount of
aggregate by the microcapsules increases water demand. The required
amount of SP was used to achieve a 200 + 10 mm mini flow table test
value (ASTM C1437 [34]).

2.3.3. Preparation of mortars

The optimized microcapsules were dispersed in approximately 90%
of the required water for mixtures. The microcapsule/water mixtures
were agitated for 10 min by magnetic stirrer until achieving a homo-
geneous suspension. The microcapsules were successfully suspended in
water due to their small size and similar specific gravity with water. This
application was done to ensure that the microcapsules remained hy-
drated and no clusters were formed in the mortar mixture. It should be
noted that the dispersion of SS-loading microcapsules in the water is a
procedure that can be found in the literature [11]. In addition, this
application might lead to a homogeneous dispersion of microcapsule in
the cementitious matrix. Half of the required superplasticizer (SP) was
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7 of the specimens were used
— to determine the average
compressive strength

3 of the specimens were kept in the lime
saturated water as the reference specimens

18 specimens were Cured in lime saturated
prepared for each [— water up to specified age
variable (7 and 90 days)

4 of the preloaded Y
specimens were The preloaded and

immersed in the
lime saturated
water for 30 days

(healing period)

reference specimens
were subjected to the
compressive strength test

8 of the specimens were

preloaded up to ~100%
of their corresponding
compressive strength

4 of the preloaded
specimens were
subjected to the

compressive strength

test to determine the
damage ratio

Fig. 2. Flowchart of the compressive strength test procedure.

also added to the water-microcapsule suspension. It was observed that a
more homogeneous suspension could be obtained by incorporating
superplasticizer into the mixture.

Dry ingredients of the mortar mixtures including fibers were pre-
mixed by a Hobart mixer for about 5 min. Then, the microcapsule/water
suspension was added to the dry mixture. The remaining water
(approximately 10%) was mixed with the remaining SP and then,
poured into the mixer. It should be noted that any microcapsules
remaining in the suspension beaker were also poured into the mixer
using the remaining water and SP.

2.4. Characterization techniques

2.4.1. Scanning electron microscopy and energy-dispersive X-ray
spectroscopy

SEM observations of the microcapsules were made by using a scan-
ning electron microscope (Carl Zeiss 300VP, Germany) operated at 2 kV
in SE imaging mode. Before SEM imaging, gold sputtering was per-
formed on the samples. Energy dispersive spectrometry (EDS) analyses
were conducted with an acceleration voltage of 15 kV.

2.4.2. Optical microscope observations

Optical photomicrographs were acquired by Leica DFC 310FX digital
camera mounted on a Leica DM2500P polarized light microscope in
plain polarized light mode. Microcapsules were dispersed inside
mounting oil (refractive index~1.5) on a glass side. A digital microscope
was used to measure the diameter of microcapsules alongside SEM.
Upon image acquisition, the diameter of microcapsules was measured
on image analysis software.

2.4.3. Nanoindentation test

Continuous stiffness measurement (CSM) which provides continuous
measurements of elastic modulus as a function of indentation depth was
implemented during the nanoindentation tests. Details about CSM can
be found in the previous studies [35,36]. An Agilent Nanoindenter G200
(Keysight, Santa Rosa, CA, USA) equipped with a diamond Berkovich tip
was used for nanoindentation. To estimate the elastic modulus of the
microcapsule’s wall material produced in this study, the nano-
indentation test was directly performed on the microcapsule whose
diameter was close to the mean diameter of the batch. To be able to glue
microcapsules onto the metallic platform separately by avoiding being
stacked up on top of each other, microcapsules and the freshly
glue-applied metallic platform together were placed in a closed

container then compressed air was applied to introduce turbulence
which facilitated precipitation of the microcapsules on the platform
evenly. By using this method, it was observed under the microscope that
microcapsules could be dispersedly glued on the metallic platform suc-
cessfully. After solidification of the glue, the metallic platform con-
taining microcapsules was placed into the nanoindenter. An oscillating
force with a harmonic displacement of 2 nm at a frequency of 45 Hz was
adopted for the CSM method. The surface approach velocity was 10
nm/s. The maximum displacement of 700 nm was applied because the
wall thickness was around 3 pm.

2.4.4. Compressive strength

The self-healing mechanism of SS-loaded microcapsules is based on
the rupture of their shell during the crack formation in the cementitious
matrix, and then the reaction of SS with Ca(OH), to form secondary
calcium-silicate-hydrate (C-S-H) gel. It is well known that C-S-H is the
primary binding phase responsible for the strength in cement-based
materials; therefore, in this study, it was aimed to evaluate the contri-
bution of secondary C-S-H in the recovery of compressive strength
(RCS). Uniaxial compressive strength tests were conducted by an auto-
matic controlled, 3000 kN capacity hydraulic press machine (ELE
Autotest 3000). To assess the self-healing capacity of the mortars in
terms of compressive strength, 18 cubic specimens (50 x 50 x 50 mm)
were prepared for each variable. After 7 and 90 days of standard water
curing, 15 specimens were taken out form the lime saturated water and
left to dry in laboratory air for 1 day. Seven specimens were used to
determine the average compressive strength of mixtures. Eight of the
specimens were pre-loaded up to ~100% of their corresponding
compressive strength. The load was carefully monitored and released at
the required predetermined load value (~100%) to avoid further dam-
age. Immediately after preloading, half of the preloaded specimens were
subjected to the compressive strength test to determine the damage ratio
due to the preloading. The other half of the preloaded specimens (4
specimens) were immersed in the lime saturated water. After 30 days,
the preloaded specimens and the remaining specimens from 18 speci-
mens (3 reference specimens — the specimens without preloading) were
subjected to the compressive strength test. The flowchart of the
compressive strength test procedure is presented in Fig. 2.

It must be noted that a series of specimens were preloaded up to 90%
of their corresponding compressive strength. The load was released at
the required predetermined load value. Immediately, after preloading,
the preloaded specimens were subjected to the compressive strength test
to determine the damage ratio due to the preloading. However, there
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Fig. 4. The microcapsules synthesized via the EP6 procedure.

was not any considerable reduction in the compressive strength of
specimens. Therefore, in this study, specimens were preloaded up to
~100% of their corresponding compressive strength.

50 um
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3. Results and discussion
3.1. Optimization of microcapsules

The synthesis was carried out by the emulsification of aqueous SS in
toluene using POEDO and Span 85 surfactants and then, followed by
interfacial polymerization on the aqueous SS droplets. After vacuum
filtration, sufficient washing, and drying in air, free-flowing white
powder of microcapsules was obtained. Microencapsulation yields (%) §
given in Fig. 3 were calculated by the following equation [37]:

Wy

(%)= (€))
(%) Waa + Wapr + Wepan

where Wy, Wia, Wypr, and Wspa, are the weights of dried microcap-
sules powder, healing agent (SS + deionized water), MDI, and Span
surfactant, respectively. It should be noted that these yield values
include all of the products obtained at the end of the synthesizing pro-
cess. In other words, the mass of filled, partially-filled, and non-filled
microcapsules are included in this calculation. The yield value of
microcapsule optimized in previous studies decreased from 85.2% to
57.4%. It is obvious that increasing the amount of the raw materials
(doubled) and, as a result, changing the beaker and stirrer bar without
modifying the synthesizing process affected adversely the microencap-
sulation efficiency. The highest yield value (75.9%) was obtained in the
EP7 experiment. The yield value is one of the most important criteria
that can give an opinion about the efficiency of microencapsulation.
Besides, more free-flowing powder of microcapsules was obtained in the
EP7 experiment. In other words, the aggregation and flocculation of
microcapsules were rarely observed in the EP7 experiment. On the other
hand, a large amount of aggregation and flocculation of microcapsules
was observed in other samples such as the EP6 and EPS. A typical view
of flocculated microcapsules is presented in Fig. 4.

Several SEM-EDS analyses were carried out on the microcapsules.
The most well-shaped microcapsules were also observed in the EP7
sample. However, the microcapsules with random shapes can be seen
among the spherical microcapsules. For example, the EDS analyses of
two microcapsules with spherical and amorphous shapes are presented
in Fig. 5. The EDS shows that both of the microcapsules consist of C, O,
Na, and Si elements. Therefore, it revealed the existence of polyurethane
(shell material) and SS (core material). It should be mentioned that the
acceleration voltage of EDS analyses was 15 kV.

In addition, the particles with irregular shapes can be found among
the microcapsules. These particles were also observed in previous
studies. It can be concluded from EDS analysis that these particles
consist mainly of shell-forming material (Fig. 6). Furthermore, Fig. 7
shows the EDS spectra of a cylindrical-like particle and a well-shaped
spherical microcapsule. The EDS analysis revealed that the cylindrical-

[
ek € A 7.74%] B
6.00K] G.88%
5.25K] B.02K]
450%] 5.16K]
375K 430K
3.00K 344
2.25% 258K S
150% Si 1728
o © MNa
0.75K] Na 0.86%]
i S
0.00x1 0.00%!
0.00 100 200 0.00 100 200
Lsec: BT 0 Cnts Lsec: 850 Cnts
0.000 keV Det: Element-C2 Det 0.000 keV Det: Element-C2 Det

Fig. 5. The EDS spectra presenting the chemical composition of EP7 microcapsules.



A. Beglarigale et al.

10 um

— N 200.0 um |
)

Fig. 8. A digital photomicrograph of the microcapsules synthesized via the
EP7 procedure.

like particle has also consisted of shell-forming material.

Besides the yield and the morphology of the microcapsules, the
average diameter of them was also changed with the new procedure. The
average diameters of the microcapsules were obtained by measuring at
least 50 microcapsules. The measuring was also carried out on the
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Fig. 9. A fractured microcapsule synthesized via the EP7 procedures.

digital photomicrographs (Fig. 8). As discussed in the previous study the
average diameter of optimized microcapsules (MDI-2) was 29 pm.
However, the measurements conducted on the SEM micrograph and
digital microscope photomicrographs revealed that the average diam-
eter of the microcapsules synthesized via the EP7 procedures increased
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Fig. 10. Cross-section of a fractured microcapsule synthesized via the
EP7 procedures.

to 65 pm. It is a well-known fact that the diameter of microcapsules can
be increased by decreasing the SS-E [38].

The measurements of the shell thickness of microcapsules were
performed on the fractured microcapsules (Fig. 9). The measurements
showed that the shell thickness of microcapsules has not changed
considerably. It should be noted that the measurements were performed
on at least six well-shaped spherical microcapsules (Fig. 10). Similar to
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the previous studies, the average shell thickness is 3 pm. In other words,
applying different stirring procedures, increasing (doubling) the
amounts of raw materials, and using different beaker/stirring bar did
not affect the shell thickness of microcapsules remarkably.

As can be seen from the cross-section of the shell, the porosity of the
shell is higher near the inner face. Furthermore, it can be seen that the
inner face roughness is relatively high. Similar properties were also seen
in the microcapsules synthesized in previous studies.

As described earlier a certain amount of flocculation can be seen
even in well-optimized and washed microcapsules, especially in the
doubled materials batches. Therefore, the EP7 microcapsules were
subjected to the second washing/drying process. SEM image and EDS
spectrum microcapsule, which was analyzed after the second washing/
drying process, are presented in Fig. 11. Similar to the previous sections,
the EDS shows that the microcapsules consist of C, O, Na, and Si ele-
ments. Therefore, it revealed the existence of polyurethane (shell ma-
terial) and SS (core material).

The final microcapsules (double-washed EP7 microcapsules) were
further characterized by means of optical microscopy and nano-
indentation. As can be seen from Fig. 12 the shell material has fawn-
beige color in the images. An important percent of microcapsules
seems to be empty. The full ones containing SS can be distinguished by
their dark color. It should be noted that the sample preparation process
could damage the microcapsules. Nevertheless, the yield of the encap-
sulation method implemented in this study can be enhanced further in
the future. The other important finding of optical microscopy is that the
average shell thickness measured in SEM images (3 pm) is in concor-
dance with optical microscope images.

Load vs. displacement and modulus of elasticity vs. displacement
graphs of the microcapsule that have a diameter around 60 pm, which is
close to the mean diameter of the batch, are given in Fig. 13. An average
modulus of elasticity was calculated by taking into account the 203
values measured between 550 and 700 nm indentation depths where a
plateau was reached. As a result, the average modulus of elasticity was
found 633 MPa. It should be noted that the micromechanical properties
of microcapsules strongly depend on the capsule diameter [35].

3.2. Evaluation of self-healing efficiency of microcapsules using
compressive strength test

Fig. 14 shows the compressive strength test results. It can be seen
from test results that the incorporation of microcapsules decreased
(12-22%) the compressive strength of mortar. As mentioned earlier the
required volume for microcapsules was provided by reducing the
amount of aggregate in the mix design. Therefore, it is expected result
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Fig. 11. SEM image and EDS spectrum of a microcapsule (EP7) after the second washing/drying process.
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Fig. 12. Optical photomicrographs of double-washed EP7 microcapsules.
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Fig. 13. Load vs. displacement (a) and modulus of elasticity vs. displacement (b) graphs of the microcapsule obtained by nanoindentation.

that replacing a part of such a high strength material (limestone
aggregate) with microcapsules that have a lower elastic modulus leads
to a decrease in the compressive strength of mortar.

As can be seen from Fig. 15-a, a preloading of up to ~100% of the
average strength resulted in a certain extent of damage in the specimens.
Despite such a huge preloading level up to ~100% of the average cor-
responding compressive strength, the reduction in strength did not
exceed 20%. It is well-known that plain (without any fiber) concretes or
generally cement-based materials are extremely brittle construction
material. It has long been recognized that the problem can be mitigated
by the incorporating of various types of discontinuous fibers in cemen-
titious matrices.

It is only possible from a correct viewpoint to determine a realistic
ratio of self-healing. In this study, the compressive strength of reference
specimens and the damage ratios were taken into account in the eval-
uation of self-healing ratios. The percentages of RCS (self-healing ratios)
were expressed by the following equation;

u(%) :2 Zx 100 @

where “p” is the percentage of RCS, “b” and “c” is, respectively, the
compressive strengths of preloaded specimens before and after the
healing period (30 days), and “d” is the compressive strength of refer-
ence specimens after healing period (7 + 30 or 90 + 30 days cured
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Fig. 15. a) The average reductions in compressive strength of specimens due to preloading. b) The average percentage of RCS.

specimens).

The average percentages of RCS are presented in Fig. 15-b. Despite a
preloading up to ~100% of the compressive strength of specimens, a
significant ratio of self-healing was detected in the 7-days specimens of
both mixtures. Further hydration of unhydrated cement particles
(autogenous self-healing phenomenon) is the main reason for the 57%
RCS in the OM. On the other hand, incorporating microcapsules
increased the RCS percentage up to 80%. In other words, the contribu-
tion of SS (the core material) in the reactions on the cracked surfaces is
obvious. The reaction between SS and Ca(OH) in the case of the pres-
ence of water is given as following [10,26,29]:

Na,SiO; + Ca(OH), + H,O0 — x(CaO Si0,)H,O + Na,0 3

It can be seen that the reaction between calcium hydroxide, a
product of cement hydration, and SS can produce secondary C-S-H gel.
The specific contribution of microcapsules is more obvious in 90-days
cured specimens, in which there are limited unhydrated cement parti-
cles. The self-healing efficiency of these microcapsules can be enhanced
in the future by further optimization of microencapsulation and

increasing the amount of microcapsule in the mixture. Besides, the
survivability of the microcapsules could be affected due to the friction of
microcapsules with steel fibers and aggregates during the mixing pro-
cess. It should be noted that the consistency of the mortar was adequate
to decrease that friction. Moreover, the microcapsules have acceptable
shell thickness as compared to similar microcapsules previously syn-
thesized in the literature. Detailed investigation and optimization
should be carried out regarding the survivability of the microcapsules in
mortar and concrete mixtures.

4. Conclusions

Based on the test results of this research, the following conclusions
can be drawn:

As expected, modifying the procedure of microencapsulation alters
certain properties of microcapsules. Surprisingly, it did not change the
shell thickness of microcapsules. In other words, applying different
stirring procedures, increasing (doubling) the amount of raw material,
and using different beaker/stir bar affected only the yield value and the
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average diameter of the microcapsules. It was observed that the second
washing of sodium silicate/polyurethane microcapsules is an
outstanding approach to obtain a homogeneous powder of microcap-
sules without any aggregation and flocculation. This powder can be
easily dispersed in water to prepare a homogeneous water/microcapsule
suspension. The important point is that this suspension can be further
homogenized by adding superplasticizer. The average modulus of elas-
ticity, diameter, and shell-thickness of the optimized sodium silicate/
polyurethane microcapsules were found 633 MPa, 65 pm, and 3 pm
respectively.

Reduction (12-22%) in compressive strength can be evaluated as one
of the most problematic side effects of the microcapsule incorporation.
This side effect, thus, necessitates further optimization of the mechani-
cal properties of the shell material. It, however, may not be possible to
eliminate this side effect completely due to the nature of microcapsules.
It was observed that, beyond the autogenous self-healing phenomenon,
the microcapsules enhanced the self-healing capacity of the mortar.
Nevertheless, further optimization and investigation are necessary to
improve the self-healing efficiency of these microcapsules.
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