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Silica-based self-healing microcapsules for self-repair in concrete
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ABSTRACT: New self-healing material for concrete repair has been fabricated through microencapsulation of silica sol via interfacial
polymerization of poly(urea-urethane). Smooth, uniform, and spherical capsules of 60—120 um sizes were synthesized and optimized
by studying the emulsification and polymerization steps of its synthesis. A hydrophile-lyophile balance (HLB) value of 3.0-5.0 and a
rotational speed of 500 rpm were necessary to produce a stable emulsion system of silica sol in surfactants. The polymerization speed
of 900 rpm and the methylene diisocyanate (MDI) monomer content of 15 wt % were both significant in getting the right size and
smoothness of the microcapsules. With this method and cheap healing agents, industrial scale-up is highly possible. The viscoelastic
properties of the microcapsules were examined, and further characterizations were carried out through scanning electron microscopy,
energy dispersive X-ray spectroscopy, and Fourier transform infrared spectroscopy. After healing the microcracks in concrete, the
results showed that the significant increase of compressive and bending strengths manifested the self-healing ability of the microcap-

sules in concrete. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43090.

KEYWORDS: applications; characterization; polyurethanes; properties

Received 26 June 2015; accepted 26 October 2015
DOI: 10.1002/app.43090

INTRODUCTION

For the past decade, research on self-healing materials has
gained increased attention since its fundamental conception, as
carried out by the group of White et al' Self-healing material
can repair itself when damaged or when degradation occurs. Its
concept was inspired by a biological point of view of self-
repairing tissues in plants, microorganisms, and humans. The
goal of self-healing material is to extend the service lifetime of
structures and systems made with them.”

One of the prominent emerging applications of self-healing
materials is in building and construction, such as concrete. Con-
crete is cheap and the most common structural material used in
buildings, bridges, and tunnels. Preventive measures for concrete
degradation, such as inspection and maintenance, are key activ-
ities carried out to lengthen its life and monitor its conditions.
However, concrete is prone to crack, and if not treated promptly,
degradation and collapse of the structure is inevitable. Therefore,
immediate response to concrete degradation at the micro level is
of high importance. One way to address this is by incorporating
self-healing materials into the concrete.

Several studies have been carried out using self-healing materials
in concrete. For example, Li et al.® were able to study passive
self-healing cementitious composites. The group used hollow,
brittle glass fibers with superglue (i.e., ethyl cyanoacrylate) as
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the healing agent. The glass fiber with the superglue was par-
tially embedded in an engineered cementitious composite
(ECC) specimen loaded in a controlled manner. Once over-
loaded, tensile cracking of the specimen occurred and broke the
glass fiber. As the glass fiber broke, a healing agent was released
into the cracks of the cementitious matrix and healed it. Pang
and Bond studied another developed hollow fiber.* They pro-
duced a container with a large internal volume to maximize the
storage capacity of the healing agent (a dilute epoxy resin). The
fabricated composite was used to study the biomimetic
approach to demonstrate its self-repair mechanism by incorpo-
rating UV-fluorescent dye into the composite. A similar device
was also created by the group of Nishiwaki et al’ The group
used a self-diagnosing composite, made of an organic pipe film
containing the healing agent (a low-viscosity epoxy resin) and a
heating device. The self-diagnosing composite is embedded into
concrete to self-heal when a crack is generated. When a crack is
made, the heating device warms the crack and eventually melts
the surface of the organic film, releasing the healing agent. The
healing agent fills up the crack and hardens it. Unfortunately,
these types of self-healing systems are not applicable for large-
scale industries, considering their short shelf life and the high
cost of healing agents.

Another type of self-healing agent in concrete is the use of
microorganisms. A certain strain of bacteria can be used as a
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medium for the precipitation of salts, healing the cracks within
the concrete. The most common type of precipitation by bacte-
ria is of calcium carbonate (CaCOj;) and polymorphic iron alu-
minum silicate, (FesAl;)(SiAl)O,o(OH)s. Different approaches
are used to incorporate the microorganism into the concrete.
Some microbial broths are directly mixed into the fresh con-
crete, while others are in the form of spores, capsules, gels, and
vascular networks.”™® The selection of bacteria depends on its
survival capability in an alkaline environment (pH 10-13), tem-
peratures that can go as high as 70°C, and a limitation of water.
Strains of bacteria genus Bacillus are used to overcome the
highly alkaline environment in concrete. For example, Bacillus
pasteurii immobilized in polyurethane’ was used to produce
enzymes for hydrolysis of urea, inducing calcite (CaCO;) pre-
cipitation. Calcite exhibits a filling potential for concrete cracks
and fissures, eventually overcoming environmental degradation
for an extended period. Jonkers et al.'® were also able to directly
incorporate alkali-resistant, spore-forming bacteria (B. pseudofir-
mus and B. cohnii) and calcium lactate as two-component self-
healing agents of cement paste. These bacteria were able to
produce the abundant amount of minerals needed to fill or seal
formed cracks. The same effect was found in other types of bac-
teria used in concrete, such as B. lintus,'"' and B. sphaericus."”
Apparently, ureolytic bacteria are one of the most popular ways
to design self-healing concrete.'® This type of bacteria produces
extracellular urease enzyme, which fastens the series of bio-
chemical reactions involved in the formation of calcium carbon-
ate. A similar proof of concept of crack remediation on
structures was demonstrated by the group of Rodriquez-
Navarro et al'* The group was able to produce Myxococcus
xanthus-induced calcium carbonate precipitation that protects
and consolidates porous ornamental limestone (e.g., monu-
ments and statuary). To overcome the high temperature within
the concrete mix, a thermophilic anaerobic microorganism
(Shewanella) was also incorporated in the cement mortar.”® The
results revealed that the comprehensive strength of the concrete
increased. This improvement was due to the deposition of
microorganism cell surfaces within pores of the cement-sand
matrix. However, microbiologically induced calcite precipitation
mainly occurred on the surface of the concrete crack. Also, the
polyurethane immobilized in this process also generates carbon
dioxide, which can be detrimental to the microorganism. As a
result, enzyme activity from the microorganism decreases and
prohibits the calcite precipitation. Another drawback of this
method is the production of ammonium ions, which results in
excessive nitrogen loading. There is also the loss of viability of
bacterial pores that results in decreased mineral-forming
capacity. Therefore, its application is limited to young concrete.

A not-as-famous biological precipitation reaction assisted by
Leuconostoc mesenteroides is polymorphic iron aluminum sili-
cate.'® This bacterium produces lactic acid from carbohydrate,
resulting in an acidic environment, while the reduced solubility
of colloidal silica results in precipitation. However, because of
its acidic nature, this method may not be useful for the durabil-
ity of concrete. Another source of microorganism-driven self-
healing mechanism in concrete is the use of fungi. Although it
is not yet clearly understood how fungi-assisted precipitation
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can fill cracks in concrete, it can be a good research area to
17
pursue.

Most recently, self-healing materials applied on a polymer
matrix were developed by the group of White et al'® This type
of material is in the form of microcapsules that contain a heal-
ing agent (e.g., dicyclopentadiene). Healing agents were micro-
encapsulated with poly(urea-formaldehyde) through in situ
polymerization. In their study, the microcapsules, together with
Grubbs’ catalyst, were embedded in a polymer matrix. Micro-
capsules break through crack propagation and then release the
healing agent into the crack plane through capillary action.
Polymerization of the healing agent occurs during contact with
the catalyst, resulting in the bonding of the cracks. The group
of Hu et al. adopted a similar approach to producing microcap-
sules.'”” The use of melamine formaldehyde (MF) as a protective
shell layer for the healing agent makes a stronger microcapsule
and ruptures at large deformations. These microcapsules pro-
vide a bigger scope of formulation and processing conditions to
manipulate, which is desirable for self-healing applications. A
much higher efficiency of microcapsule healing was developed
by Li et al,” in which polyetheramine was used as the healing
agent and poly(methyl methacrylate) (PMMA) was used as the
encapsulating shell. Polyetheramine was chosen as a curing
agent because of its flowability and low-temperature curability.
PMMA was selected as a shell because of its chemical stability,
biocompatibility, and compatibility with epoxy. The solvent
evaporation method was used to form a polymeric shell around
the reactive amine of the polyetheramine core. However, the
cost of these healing agents is relatively high, and some may
cause environmental and health hazards. To address this prob-
lem, the group of Huang et al. developed a water-based healing
material [Ca(OH),] microcapsules.21 Unfortunately, this type of
microcapsule gives a very low healing efficiency, due to the
absorption of the healing agent into the bulk matrix.

Among the three systems of self-healing in concrete reviewed
previously, microcapsules seem to be the most practical for
industrial commercialization. The primary driver of this study
is to create microcapsules that can be industrially scaled up for
concrete application. One way to initialize the scalability of
microcapsules is to find innovative alternatives for healing
agents. Based on our preliminary investigation of using silica
sol (Si0,-H,0) as a healing agent, it was found that this type of
colloidal system could fill cracks in concrete. A similar system
was first introduced by Pelletier et al.,* who used sodium sili-
cate stored in polyurethane microcapsules as a self-healing agent
in concrete. The sodium silicate is released when the capsules
are ruptured by propagating cracks and react with the calcium
hydroxide [Ca(OH),] present in the cement, which then pro-
duces C-S-H [(CaO SiO,) H,O] gel that heals the cracks. Ken-
drick et al® further studied the reaction of microsilica to
calcium hydroxide and confirmed the formation of C-S-H. Dif-
ferent types of SiO, (e.g., amorphous and crystalline) were
investigated by Baltakys et al>* by reacting them with calcium
hydroxide. It was found that the phase composition and proper-
ties of calcium silicate hydrates (C-S—H) were strongly affected
by the crystallinity of SiO,. It was also concluded that the entire
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reaction of C-S-H is observed sooner in the amorphous than
in the crystalline form of SiO,.

Despite the numerous studies of silica forming C-S—H gel as fil-
ler for cement cracks, to the best of our knowledge no one has
yet created silica microcapsules as a self-healing agent in con-
crete. This study focuses on the synthesis of a silica-based core
material as self-healing microcapsules for concrete strength
recovery. In this study, colloidal silica was used as the healing
agent instead of any other forms (e.g., sodium silicate). The use
of this is due to its amorphous nature, low viscosity, and high
amounts of SiO, responsible in the formation of gels. It is
cheap, commercially available, and, with existing technology for
secure microencapsulation, commercialization is highly possible
shortly.

In this study, interfacial polymerization was used to form
microcapsules with silica sol as the core and a polymeric shell
coating. Saihi et al. have performed this type of synthesis® in
microencapsulating ammonium phosphate with a polyurethane
shell. This technique was chosen because of its very straightfor-
ward approach and the way it can be accomplished in just a
one-step process. With cheap materials and very easy synthesis,
an industrial scale is possible in this technique. In a very recent
review on self-healing polymeric materials based on a microen-
capsulated healing agent,*> it was stated that this type of
approach is more likely to be commercialized in the near future
for the following reasons: (1) no changes in the molecular
structure are required to integrate the polymers with self-
healing abilities, (2) microencapsulation has matured as a
technology since its emergence in the 1950s, and (3) healing-
agent-loaded microcapsules can be readily incorporated into the
polymer matrix using blending techniques. The group further
recommends that continuous efforts be devoted to this research
to facilitate a large-scale application of self-healing materials. In
fact, a pilot-scale plant of a 10 L capacity batch reactor was suc-
cessfully installed.

In this study, we propose the use of a procedure based on inter-
facial polymerization to synthesize self-healing microcapsules
from aqueous silica. A nonprovisional US patent pending has
been filed related to this study.”® The objectives of this work are
to optimize microcapsules by investigating the influence of the
hydrophile-lyophile balance (HLB) value based on the surfac-
tant ratios and to study the effects of emulsification, polymer-
ization speed, and monomer ratios applied during the
polymerization stage. It was found that in order to attain the
optimized self-healing microcapsules for applications in con-
crete repair, an HLB value of 3-5 was necessary to attain the
most stable emulsion system, with emulsification speed of
500 rpm and polymerization speed of 900 rpm. The smoothness
of microcapsules is further achieved at a polymerization speed
of 700-1100 rpm. However, in this case, 900 rpm was used in
most experiments.

The potential application of silica sol as a healing agent was ini-
tially investigated in both foam and ordinary concretes. The
characterization of the self-healing microcapsules was carried
out by scanning electron microscopy (SEM), energy dispersive
X-ray spectroscopy (EDS), Fourier transform infrared spectros-
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copy (FTIR), nanoindentation, and a dynamic mechanical
analyzer.

EXPERIMENTAL

Materials

Colloidal silica (LUDOX TM-50, 50 wt % suspension in H,O) as
core material, with Span 85 (sorbitane trioleate) and poly(ethylene
glycol) dioleate (POEDO) as surfactants, along with 4,4’
methylenebis(phenyl isocyanate) 98% (MDI) as shell-forming
monomer and dibutyltin dilaurate 95% (DBTL) as catalyst, were
all purchased from Sigma-Aldrich (St. Louis, MO, USA). Toluene
was a reagent grade purchased from Macron Fine Chemicals
Avantor Performance Materials (Center Valley, PA, USA) and used
without further purification. Superplasticizer (MasterGlenium
SKY 8588) was purchased from BASF (Ludwigshafen, Germany).

Synthesis of Silica-Based Self-Healing Microcapsules

The preparation of self-healing microcapsules containing silica
sol was performed in a 100 mL beaker with a magnetic cylindri-
cal stirrer bar by interfacial polymerization, according to the
adopted method.”” In a typical experiment, 30 mL of aqueous
colloidal silica (50% w/w) was emulsified in an organic phase
containing toluene (64 mL) and 5 wt % binary mixture of
POEDO and Span 85 at a speed in the range 50-12,000 rpm.
After 10 min of emulsification, polymerization was accom-
plished with the addition of a solution containing a fixed
amount of monomer (1-15 wt % of MDI) in toluene, at 63°C
for 90 min in the speed range 300-1000 rpm. This process
formed a polymeric crosslinked shell, encapsulating the silica
core material, with two drops of catalyst, DBTL. The microcap-
sules produced were then washed with toluene to remove the
remaining MDI residue.

Microencapsulation yields (% Y) were calculated based on the
microcapsules produced over the total amount of introduced
MDI monomer, surfactants, and silica sol. The % Y is calculated
by the formula below:

wt. of microcapsules

% Y= —
wt. of silica sol+wt. of MDI+wt. of surfactants

100

However, encapsulation efficiency (% E) was calculated based
on the molecular weight of silica sol and percent silica from
EDS analysis over the molecular weight of silica:

MW of silica sol X % silica
MW of silica

Characterization of Microcapsules

FTIR spectroscopy was performed in an FTIR spectrophotometer
(Bio-Rad FTS6000. Bio-Rad (Philadelphia, PA, USA)). A sample
was prepared by drying and mixing with KBr salt, pressed into a

disk, and measured with a spectral range of 400-4000 cm ™.

SEM samples were examined in JEOL (Peabody, MA, USA)-
JSM 6390 and 6300 models of a field emission scanning electron
microscope at an accelerating voltage of 15-20 kV. The samples
were then spread onto a copper substrate followed by air dry-
ing. A thin layer of gold film was sputtered onto the dried sam-
ple under vacuum.

% E=

EDS analyses were taken from the same SEM samples using an
X-max Oxford Instruments (Abingdon, Oxfordshire, UK)
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Microcapsules

Scheme 1. Schematic representation of the synthesis of silica-based microcapsules as self-healing agent. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

80 mm?>

model employing a mapping function. Images were
taken with an optical microscope (Optika (Ponteranica, Italy)
Microscopes, Italy, 100V-200V/75 VA/50/60 Hz) equipped with

a Nikon (Bangkok, Thailand) digital camera (D5200).

The nanoindentation analysis was performed with a Nano Test
Vantage Machine (Micro Materials (Wrexham, UK) Ltd.) with a
load up to 18 mN and at a depth of 12,000 nm. The cone tip
radius used was a Berkovich type. The maximum load was set
to 400 mN, with loading and unloading rates for both at 5
mN/s. The dwell period at maximum load was set at 1 s.

A dynamic mechanical analyzer [DMA 7, PerkinElmer (Waltham,
MA, USA)] was used to characterize the mechanical properties of
the polymeric shell component of the silica-based microcapsules.
The testing was carried out at room temperature with a linear
force of 8000 mN on a poly(urea-urethane) film using a probe tip.

Water Absorptivity and Compressive and Flexural Tests on
Concrete

The water absorptivity procedure was adapted from ASTM C642-
06 and BS 1881: Part 122 for samples with 10 cm X 10 cm X
10 cm dimensions. The initial water absorptivity of the self-
healing concrete and control were determined. Samples were first
cured in a drying oven for 72 hours and then cooled for 24 hours
at room temperature. The samples were weighed and immediately
immersed in a water tank. The samples were removed from the
tank after 30 min, surface dried, and weighed again. The results
of the water absorptivity were an average of three replicates.

The compressive strength of self-healing concrete containing
microcapsules was compared with normal concrete (control)
before and after microcracking occurred. The compressive
strength procedure was adapted from ASTM C39/C39M-10 and
BS 1881: Part 116f for cube samples with 10 cm X 10 cm X
10 cm dimensions. The testing machine was equipped with steel
bearing plates with faces larger than the size of the samples.
The rate of load, or stress, ranged from 0.2 to 0.4 MPa/s. The
initial compressive stresses were determined with three replicates
by applying stress on samples until they reached failure. Suc-
ceeding experiments of replicates of three were performed.

The flexural strength procedure was adapted from ASTM C78/
C78M-10 and BS 1881: Part 118 with samples of dimensions
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22,5 cm X 7.5 cm X 3.5 cm. Each sample was subjected to an
applied load of 0.50 mm/s in a four-point bending instrument.
The initial strength was determined by applying the load until
the sample reached failure.

The self-healing process was performed as follows: induce
microcracking of samples by loading up to 80% of its strength
and sustaining for 10 s, then heal cracks by submerging them in
water for 3 days. After healing, the compressive and flexural
strengths were retested to failure again. For the control samples,
microcracking occurs at the start of loading the concrete. There-
fore, loading the samples at 80% of its strength is enough to
produce microcracks within the concrete.

Water content is also an issue for self-healing in concrete. How-
ever, the current technology was developed for applications in a
Hong Kong environment and in other countries that have similar
climate conditions. Hong Kong has a favorable amount of rainfall
coupled with high relative humidity for self-healing to happen.
For the past 60 years, above 2000 mm rainfall was recorded every
year with a rising trend since the 1940s, resulting in an average
rainfall of 38 mm/decade.*® This is also in synergy with the high
relative humidity (RH) in Hong Kong, which reaches 65-85%. At
75% RH, moisture of 2% in concrete is eXpected.47 Therefore,
these two factors are important to sustain water in concrete and
thus to simultaneously self-heal while microcracking.

Concrete Formulation and Casting

The self-healing concrete was prepared by thoroughly mixing
the concrete components and healing agent in a cement mixer.
The concrete component is composed of cement, sand, crushed
rock, and water in a weight ratio of 1:1.5:2:0.35, respectively.
The healing-agent components were composed of plasticizers
and microcapsules in a volume ratio of 0.5:1. The plasticizer
was 1.5 wt % of the total weight of the self-healing concrete,
and the microcapsules were 5% of the total volume of the self-
healing concrete.

RESULTS AND DISCUSSION

Synthesis of Self-Healing Microcapsules

The synthesis of silica-based microcapsules was carried out in a
two-step process, as shown in Scheme 1. The first step is the
emulsification of silica sol with surfactants, followed by
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Table I. HLB Values of Different Mixtures of Surfactant and Its Corresponding Emulsion Behavior

Emulsion stability S G E G P VP VP
Silica sol (50 wt %) (mL) 30 30 30 30 30 30 30
Surfactant + toluene (mL) 70 70 70 70 70 70 70
POEDO (g) 0 1.11 2.03 2.95 3.88 4.8 6
Span 85 (g) 6 4.89 3.97 3.05 212 1.2 0
HLB 1.80 3.00 4.00 5.00 6.00 7.00 8.30

Emulsion classification: S, satisfactory; G, good; E, excellent; P, poor (coalescence); VP, very poor (sedimentation).

interfacial polymerization, resulting in microcapsules. Emulsifi-
cation is carried out to make sure the self-healing agent, silica
sol, is dispersed effectively in the organic medium using the sur-
factants (POEDO and Span 85). This step initially determines
the size and size distribution of the microcapsules. The entire
process was performed at room temperature, at low speed, and
in a short period. The second step is a catalytic interfacial poly-
merization, which forms the polymeric shell around the predis-
persed silica sol. During this process, the predispersed silica is
coated with poly(urea-urethane) as a result of the interaction
between the MDI monomer and the surfactants’ functional
moieties, such as alcohol and amine. The polymerization speed
is higher than emulsification. This is necessary to control the
final size of the microcapsules and their mechanical strength.
The microcapsules produced were monodispersed and uniform,
with a core-and-shell structure. The polymeric shell layer struc-
ture is necessary to protect the core material from leaking out
and for effective application in concrete.

Emulsification Step

As a first step in the microencapsulation process, it is important
to optimize fully the most effective emulsification conditions of
silica sol with the surfactants used. Investigating the hydro-
philic-lyophilic balance properties of the surfactants with the
silica sol helped accomplish this task. The goal in this approach
is to find a balance of the surfactant mix favorable to the dis-
persion of silica sol. The balance of the surfactant mix is based
on the hydrophile-lyophile balance (HLB) property concept™” of
the mixed surfactants (POEDO and Span 85). The HLB of sur-
factants is related to their solubility. A low HLB value indicates
that the system is oil-soluble, whereas a high HLB value tends
to indicate a water-soluble system. Different weight ratios of
surfactants were used to come up with a different range of HLB
values from 1.80 to 8.30 (see Table I). In all experiments, 30%
by volume of silica sol was used and mixed for 20 min. The sta-
bility of the resulting emulsion was judged on its appearance
and by observing the phase separation by the naked eye and
optical microscopy. The results in Table I show that an HLB of
3.0 to 5.0 results in a good to excellent emulsion stability, while
1.8 is satisfactory. However, at higher HLB, such as a 6.0 to 8.3
mixture, the result shows a poor and unstable emulsion with
coalescence and sedimentation observed. Therefore, an HLB of
3.0 to 5.0 would best be used for this mixture of surfactant
with silica sol as the core material.
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Formation of Poly(urea-urethane) Microcapsules through
Interfacial Polymerization

Having investigated the optimum emulsification condition, the
formation of the polymeric shell coating is also critical as the
final step. In this step, interfacial polymerization created a poly-
meric shell [poly(urea-urethane)] surrounding the core material.
Several studies have shown interfacial polymerization in an
organic medium.”®* The reaction mechanism is similar, as
described in the work of Salaun et al.* In this case, the mecha-
nism involves polycondensation of diisocyanate from the MDI
monomer at the interface of the emulsion droplet produced in
the first stage. MDI monomers are first hydrolyzed, producing
unstable amino groups. Unstable amino groups further dissoci-
ate into amine groups and carbon dioxide. The amine-
functionalized MDI monomer further reacts with other MDI
molecules, forming poly(urea) chains. However, other MDI
molecules react with diol molecules from surfactants (Span 85)
to form polyurethane chains. Therefore, the simultaneous reac-
tions of MDI with amine and diol functional groups, occurring
within the surface of emulsion droplets, result in the formation
of the poly(urea-urethane) shell.

Optimization of Microcapsule Size

One of the critical parameters in synthesizing microcapsules is
their size or diameter. In the application of microcapsules in
concrete, the diameter is important in relation to its mechanical
strength. Too-small microcapsules are hard to break, whereas
too-large microcapsules are easy to crack. Therefore, getting the
right microcapsule size is of great significance to its application.
At an optimum size, self-healing microcapsules are hard enough
not to break, yet easy enough to rupture when microcracking
occurs. In this study, a target size range of 100-200 microns is
obtained.

Three important parameters were investigated to optimize the
silica-based self-healing microcapsules for application in con-
crete. These were emulsification speed, monomer ratio, and
polymerization speed.

To ensure the stability of the silica sol as the core material in
microcapsules, an optimum emulsification speed must be deter-
mined. In this study, eight different emulsification speeds were
tested in the range of 50-12,000 rpm. After emulsification of 10
min, a drop of the sample was examined in an optical micro-
scope. For each emulsification speed, an optical image is
observed, as shown in Figure 1. It was determined that at higher
speeds (e.g., 1000-12,000 rpm), silica sols formed very fine
white droplets. Later, the entire mixture separated into phases.
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Figure 1. Optical images of emulsified silica sol with surfactants at different emulsification speeds. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

This phenomenon was due to the increasing shear stresses that
silica sol droplets underwent during emulsification. Therefore,
the system was not stable, and precipitation occurred. However,
at lower speeds (50-500 rpm), the corresponding optical images
show dispersed silica sol droplets. This shows that a lower speed
of emulsification results in more stable and dispersed silica sol
droplets using the specified surfactants. In this case, 300—
500 rpm was chosen to have the best conditions.

Further studies were performed by investigating the yield and
encapsulation efficiencies (Figure 2) at different emulsification
speeds. The results show that, in all speeds tested, their corre-
sponding yields have no significant change, which is limited to
about 30%. However, there is a change in encapsulation effi-
ciencies. Lower speeds of 50-400 rpm give low encapsulations
of about 15%, whereas 600 and 800 rpm give encapsulations as
high as 65%. This means that more silica sol is encapsulated in
the microcapsules during a high emulsification speed. The low
encapsulation of silica sol can be attributed to the diffusion of
silica sol from the droplet during emulsification. This also
shows that, at low emulsification, there is not enough interac-
tion of surfactant with silica sol to hold the silica sol within the
droplet.

After knowing the optimum emulsification speed for synthesiz-
ing silica sol droplets, the polymerization speed or shell-
formation rate was also investigated. The polymerization speed
is critical in the microcapsule synthesis because of its strong
influence on the morphology of microcapsules, such as size
and porosity of the shell. Therefore, it is necessary to study
the shell formation through the polymerization speed condi-
tions and to control the shape and morphology of the
microcapsules.®’>
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The effect of polymerization speed on the size of microcapsules
is depicted in Figure 3. Increasing polymerization speed
decreases the average size of microcapsules. This result is con-
sistent with the report on dicyclopentadiene (DCPD) microcap-
sules with poly(urea-formaldehyde) shell coating.”® At 300 rpm,
the particle size is 820 um, and it was reduced abruptly when
the speed was increased to 500 rpm. A gradual decrease in size
was observed from 500 rpm up to 1000 rpm of speed, which
results in 230 to 94 pum. Based on these data, the 100-200 pm
target of microcapsule size is attainable at 900 rpm, giving an
average of 143 pm. This suggests that polymerization speed
controls the equilibrium between shear forces and interfacial

70 |

60 | (777 % Encapsulation
Hl 2 Yield

50
40
30

20

% Yield/Encapsulation

Stirring speed (rpm)

Figure 2. Yield and encapsulation efficiencies of silica sol microcapsules in
different emulsification speeds.
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Figure 3. Effect of polymerization speed on the particle size of silica-based self-healing microparticles.

tension of the silica sol droplets and the local velocity gradient
that the droplets experience.”® This means that, at low speed,
interfacial tension is higher than shear force and, therefore, pro-
duces large capsules. However, large capsules are broken into
small ones when strong shear forces are higher under high
speed. It was also observed at low speed that microcapsules
were not uniform in size. However, as the speed increases,
microcapsules become more uniform in size and shape (Figure
3, SEM inset). Such an observation can be shown by its reaction
kinetics and the diffusion of diol molecules. At low speed,
homogenous reaction kinetics and diffusion of diol molecules
cause a nonuniform size and shell thickness, whereas, at higher
speed, the interfacial area is increased, and the most homoge-

nous reaction occurs.35

Aside from the obvious effects of polymerization speed on the
microcapsule size, the smoothness of the shell layer or coating
was also investigated (Figure 4). Smoothness is critical in pre-
venting leakage of the core materials from the shell coating
layer. This parameter is also controlled by the polymerization
speed. When the polymerization speed was increased from
300 rpm to 1100 rpm, the microcapsules evolved from a very
porous to a smooth surface. Large pores are observed at
300 rpm and were reduced to smaller pores when the speed was
increased to 500 rpm. When speeds reached 700 rpm, the par-
ticles gradually became smoother, and the same smoothness was
observed at 1100 rpm. This observation is attributed to the fact
that a higher agitation rate reduces the conglomeration of pol-
y(urea-urethane) shell formation or the polymer deposition on
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the droplet surface.”® Another reason for this phenomenon is
the ability of the microcapsules to form longer chains of poly-
meric shell coating using MDI and the surfactants. Although
this was not clearly investigated, a similar phenomenon was
observed in the work of K. Hong and S. Park.”

Clearly the result reveals that polymerization speed has a strong
influence on the structure of microcapsules and that it can be
controlled. It is ideal that the microcapsules produced do not
possess pores, to prevent leaking of the core material, silica sol.
In this case, it is best to use a polymerization speed of 700—
1100 rpm, but more preferably at 900 rpm.

At constant emulsification and polymerization conditions, addi-
tion of monomer during shell formation was also investigated.
This study was crucial in determining the optimum core-to-
shell thickness ratio. Figure 5 shows the relationship between
the percentage of weight of monomer used (MDI) with the core
and the shell thickness ratio based on SEM images. A high
core-to-shell ratio means that a high amount of core material
(silica sol) is present in the microcapsule with a thin shell layer.
The results show that the core-to-shell thickness ratio decreases
as the weight of MDI monomer increases. This means that the
increased addition of monomer results in a thicker shell layer.
Yields are also compared, as shown in Figure 5 inset. There is
an increase in yield with an increase in monomer used. How-
ever, the 15 wt % monomer gives the highest value with a mini-
mum core-to-shell ratio. This means at this condition that the
shell is at its thickest possible. Conversely, encapsulation effi-
ciency has no significant effect on all monomer conditions.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43090
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From this result, it can best be concluded that the optimum
monomer condition should be 15% by weight of monomer.

Characterization of Self-Healing Microcapsules

Silica-based microcapsules produced using the optimized condi-
tions (emulsification speed: 500 rpm; polymerization speed:
900 rpm; 15 wt % MDI) are shown in Figure 6. The silica sol
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Figure 4. SEM images of silica-based microcapsules synthesized at different polymerization speeds.
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microcapsules produced have an average size of 87 um [Figure
6(a)] with a uniform shape and size. A further examination was

performed in a single microcapsule [Figure 6(b)], which shows
the silica particles inside the microcapsule. An inset SEM image

shows the cross-sectional view of the microcapsule, exposing
the silica core content with the shell layer encapsulating the
core silica sol material. Figure 6(c) further illustrates the core—
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Figure 5. Effect of MDI monomer ratio on the core-shell ratio of microcapsules.
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Figure 6. (a) SEM image of silica-based microcapsules, (b) SEM of a single microcapsule (inset is a cross-sectional view), (c) core-shell structure of the

microcapsule, (d) optical image of microcapsules. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

shell structure of the microcapsule, wherein a lighter shade of
the capsule comprises the core materials, while the dark portion
is of the polymeric shell, poly(urea-urethane). The optical image
of the microcapsule [Figure 6(d)] shows how it behaves in solu-
tion and further shows the encapsulation of silica sol within its
shell.

The FTIR spectrum in the transmittance mode of the silica-
based microcapsules is shown in Figure 7. The appearance of
the peak at 17051730 cm ™' represents the carbonyl of the free
and bonded urethane groups, and peaks at 1660-1690 cm ™'
represent the carbonyl of urea groups.”? Furthermore, N—H
stretching at 3300-3450 cm™' and C—H asymmetrical at
2920 cm ™' also provide signatures for polyurethane groups. Sili-
con dioxide groups are represented by triple peaks: bending at
472 cm”', stretching at 803 cm”', and vibration at
1100 cm™'.*® Therefore, the microcapsule is composed of both
the silica core and the polymeric shell of poly(urea-urethane).

Figure 8 displays the load-displacement curve of a silica-based
microcapsule. An increasing load on the microcapsule was per-
formed at a depth of 11,000 nm, held, and released at
16,500 nm. The nonlinear behavior of the loading portion of
the curve indicates both elastic and plastic deformation,*”*® and
the shell shows an elastic displacement recovery during unload-
ing. Similar results were observed in the work of Su et al,*
wherein the deformation load was more than 10 mN. This was
attributed to the different molecular weight of the shell and its

Mak\;’.“liﬂ> WWW.MATERIALSVIEWS.COM
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microstructure, such as thickness, density, and porosity. The
force-displacement relationship in three stages is shown in Fig-
ure 8. First is the loading stage, wherein force increases with the
depth of the microcapsule until it reaches its maximum load
(140 mN), where force became constant at a certain holding
time (second stage). The third stage is the sudden fall of the
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Figure 7. FTIR spectra of silica-based microcapsules.
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microcapsules.

load at a certain depth of the microcapsule, indicating the rup-
ture of the microcapsule and indicating its ultimate strength.

The polymeric shell material [poly(urea-urethane)] was further
analyzed to investigate its mechanical properties. The analysis
was carried out in a dynamic mechanical analyzer (DMA 7, Per-
kin Elmer), whereby tensile stress was applied on a poly(urea-
urethane) film sample, and a stress—strain diagram was derived
(Figure 9). Figure 9 demonstrates both the elastic and plastic
properties of the poly(urea-urethane) film that is used as a
polymeric shell layer of the self-healing microcapsules. The elas-
tic property of the film is depicted on the linear curve exhibited
on the figure. This shows that the film, at a certain load or
stress range, is proportional to the elongation or strain it expe-

.COM/APP Applied Polymer
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riences. However, at a specific point or load, stress becomes
constant while strain increases. This behavior shows the plastic
property of the poly(urea-urethane) film.

To further analyze the stress—strain diagram of poly(urea-ure-
thane) film, Figure 9 demonstrates how the mechanical proper-
ties such as elasticity, yield strength, and ultimate strength are
derived. For example, the elasticity modulus is derived from the
slope of the linear curve 1 [Figure 9 inset (a)]. This curve has a
slope of 1300 Pa, which corresponds to the elasticity modulus
value. In the same figure, inset (b), an offset linear curve is
drawn to the right of curve 1. This new curve derives the yield
strength of 29 kPa. Also, inset (c) shows a linear curve from the
peak of the original plot representing the ultimate strength
curve. The ultimate strength is derived from the peak point of
the stress—strain curve. It has a value of 98 kPa.

Potential Application of Self-Healing Microcapsules in
Concrete

The potential application of the synthesized self-healing micro-
capsules was demonstrated by analyzing the compressive and
flexural strengths and water absorption in both normal and
self-healing concrete samples. In this study, self-healing is evi-
dent in the improvement of the physical properties of the con-
crete, such as compressive and flexural strength and water
absorption. Figure 10 shows the normalized compressive
strength of both normal and self-healing concrete versus its
conditions. This figure indicates that at the same initial com-
pressive strength of both normal and self-healing concrete, both
samples decreased their original strength after cracking. At this
point, both strengths are almost the same. However, after sub-
merging them into the water, healing was evident in the self-
healing concrete by its increased strength. For the normal

1.5E5
:: Modulus of el%sficilyline a . Offsetline h ::
871 yerseaxenoms | B 5] Yeidstronth L
© 1.0E5 : : [ S
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Figure 9. Stress—strain diagram for poly(urea-urethane) film used as a polymeric shell in silica-based microcapsules. Insets are figures that derive (a) elas-

ticity modulus, (b) yield strength, and (c) ultimate strength.
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self-healing concrete.

concrete, the increase of the compressive strength is very mini-
mal and even less than its original. The same behavior was also
observed in the normalized flexural strength of self-healing con-
crete, wherein after cracking the sample and submerging it in
water, its flexural strength increased to greater than its original.
This behavior demonstrates the self-healing ability of microcap-
sules in concrete. It is obvious in this case that mechanical load-
ing induced strain on the concrete. Once the stress exceeded the
concrete’s strength capacity, cracking occurred. Concrete as a
composite of aggregate and cement paste has a unique response
to its applied load. Applied stress on pure cement aggregate and
cement paste has a direct effect on its strain. However, for a
composite such as concrete, it is nonlinear. This nonlinear
behavior is caused by the development of microcracks,*® which
can be attributed to the weak bond or interfacial transition
zone between the aggregate and the paste matrix.*"** Unrein-
forced concrete typically develops microcracks upon load-
ing.*>** However, they are undetectable or have negligible effect
on its load-displacement response. Consequently, these unde-
tectable and propagating cracks can trigger microcapsules to
break. A healing agent from the microcapsules, silica sols, are
then released, which react with the calcium hydroxide from
cement and produce a calcium silicate hydrate (C-S—H) gel that
heals cracks. This mechanism is comparable to Pelletier et al’s
study.”® However, instead of using sodium silicate, pure silica
sol was used in this study. The use of such an amorphous form
of silicate gives a more efficient formation of C-S-H gels and
thus its healing properties to the concrete.

Another property of self-healing concrete is its ability to resist
water absorption. Initial water absorption of self-healing con-
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crete is 0.70%, and that of normal concrete is 1.7%. However,
when both samples were subjected to microcracking, their water
absorption was 0.70 and 3.53 for self-healing and normal con-
crete, respectively. This shows that self-healing concrete retains
its initial value, which indicates that microcracking inside the
sample was healed. A constant absorption result is consistent
with the compressive strength result, in which after microcrack-
ing the strength is increased through the self-healing phenom-
enon. In contrast, normal concrete, when subjected to
microcracking, creates more voids, which attract water. This
results in a decrease in strength.

CONCLUSIONS

A self-healing microcapsule was successfully synthesized through
a simple method and using a cheap alternative (silica sol) as a
healing agent. The optimized conditions for the synthesis param-
eters (emulsification and polymerization speeds and monomer
ratio) are helpful in obtaining the optimum size of the self-
healing microcapsules. The optimized microcapsules are highly
scalable, and that is a significant step for further commercializa-
tion. The application of self-healing microcapsules in concrete
further verifies the self-healing phenomenon with an increase in
compressive and flexural strengths after microcracking.
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