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This paper presents work toward the development of a new family of self-healing materials that hold
promise for “crack-free” concrete or other cementitious composites. This innovative system features
the design of microcapsules with oil core and silica gel shell. Methylmethacrylate monomer and tri-
ethylborane were selected as the healing agent and the catalyst, i.e. oil core phases in the system. They
were microencapsulated, respectively, through an interfacial self-assembly process and sol-gel reaction.
Then the microcapsules were dispersed in fresh cement mortar along with carbon microfibers. The self-
healing effect was evaluated using permeability measurements along with a fatigue test under uniaxial
compression cyclic loading and further confirmed by surface analytical tools including optical microscope
and field emission scanning electron microscope coupled with energy-dispersive X-ray analyzer (FESEM/

Published by Elsevier Ltd.

1. Introduction

With a smaller fracture energy relative to that of mild steel
(about 0.1 kJ/m? vs. 100 kJ/m?), cementitious materials are known
to be inherently brittle and tend to crack under stress. Once micro-
cracks form in concrete, they are difficult to detect and repair by
conventional methods before they develop, coalesce and grow into
macrocracks, which can pose a significant risk for the performance
and service life of concrete. While better structural design, material
selection and proportioning, and construction practices can help
control concrete cracking, continued research in the domain of
materials science (e.g., application of various fibers [1]) is crucial
in improving the service life of concrete structures.

In recent years, the biomimetic concept of self-healing has been
demonstrated for cementitious materials by incorporating healing
agents in hollow porous fibers, or in hollow glass tubes with a brit-
tle breakable sealer [2-6]. This concept has also been demon-
strated for polymer composites [7,8], by dispersing the
microencapsulated repairing agent and catalyst within the com-
posite matrix phase, or by a bleeding action from filled hollow fi-
bers [9]. As a response to applied heat or vacuum (active mode)
or to mechanical loading (passive mode), the repairing chemicals
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(monomers) are released and repair the cracks or fill the voids of-
ten through polymerization [10].

The use of short fibers to reinforce cementitious composites
seems to be a promising strategy in mitigating cracking at the micro-
scale. Some composite systems with fiber reinforcement feature the
strain-hardening behavior associated with the enhancement of
tensile/flexural strength and toughness due to the combined actions
of the fibers, cementitious matrix and their interface [11-14]. Owing
to their small diameter and high aspect ratio, short fibers have a
large numerical density in the matrix even when admixed at rela-
tively low volume fractions and thus have the potential to interact
with microcracks formed in cementitious composites [15]. As such,
short fibers have been proven to effectively flank and bridge micro-
cracks before they become coalescent and form macrocracks [16].
The admixing of short fibers in cementitious composites has shown
many prospective benefits, especially in enhancing the self-healing
capability of cementitious materials [17,18], but the effectiveness
hinges on the uniform dispersion of fibers in the matrix.

This paper presents work towards the development of a new
family of self-healing materials that are expected to offer potential
synergy with microfibers in arresting cracks formed in concrete or
other cementitious materials. The microfibers are expected to
control the width of the cracks at the microscale in this work. This
system we proposed herein features the design of microcapsules
(PSMs) with oil core and silica gel shell, consisting of methylmeth-
acrylate (MMA) as the healing agent and an initiator (catalyst)
containing triethylborane (TEB). The healing agent and catalyst
are microencapsulated respectively through an interfacial self-
assembly process and sol-gel reaction [19,20]. More technical
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details related to this process can be found in the following parts of
this paper. The healing is designed to occur through a passive
mode, i.e., as a response to crack propagation caused by cement
hydration or external mechanical stimuli. The microcapsules are
dispersed in fresh cement mortar along with carbon microfibers.
For the hardened mortar, self-healing can be triggered by crack
propagation through the microcapsules, which then releases the
healing agent and the catalyst from their respective stress-rup-
tured reservoir upon crack intrusion. The monomer and its initiator
have similar viscosity with water (i.e., dynamic viscosity is around
1.0 cP), so they can easily migrate into the microcracks through
capillary action. Polymerization of the healing agent is then initi-
ated by contact with the catalyst, bonding the crack faces.

2. Experimental
2.1. Materials

Commercially available monomers: styrene (St) and methyl-
methacrylate (MMA), poly(vinylpolypyrrolidone) (PVP), tetraethyl
orthosilicate (TEOS), and concentrated sulfuric acid (98%) were ob-
tained from Fisher Scientific Inc. Triethylborane solution (1.0M in
hexanes) was obtained from Sigma-Aldrich, Inc. All the solvents
were of analytical grade and were used as received. Deionized
water was used for all experiments. The carbon microfibers were
KRECA chop C-103T, 3 mm in length with a filament diameter of
18 pm, as obtained from Kureha Co. (Tokyo, Japan). In light of pub-
lished work by other researchers [1,15], ASTM C1240 silica fume
obtained from BASF/MB admixtures, Inc. (Henderson, NV), was
used as a dispersant for the fibers in the mixes. ASTM C150-07
Type /Il low-alkali Portland cement was used in this study. The
chemical composition and physical properties of the cement were
presented in a previous reference [21]. The fine aggregate used was
river sand sifted to allow a maximum aggregate size of 1.18 mm.
Before proportioning and admixing, the aggregate was pretreated
and taken to a saturated surface dry (SSD) condition.

2.2. Preparation of the PSMs

The overall preparation procedure of the PSMs is illustrated in
Fig. 1. The first step was to self-assemble surface-sulfonated poly-
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polystyrene core
sulfonated PS latex particle

water and latex

styrene particles at the water-oil droplet interface. The oil phase,
either methylmethacrylate (MMA) monomer or triethylborane
(TEB) solution (1.0M in hexane), was microencapsulated following
the same procedure. The surface-sulfonated polystyrene particles
of 0.7 £ 0.5 pm in diameter were prepared as reported previously
[20] and the sulfonation time of polystyrene particles was 60 h
for this study. After some preliminary trials, 0.15 g of the sulfo-
nated polystyrene particles were dispersed into 45 ml deionized
water using a high-intensity ultrasonic vibracell processor oper-
ated at 20 kHz and up to 10 W for 2 min to form a homogeneous
system. Then 3 g of oil phase (0il/TEOS = 17/3, mol/mol) was intro-
duced and stirred continuously using a magnetic stirrer operated
at 500 rpm under the nitrogen atmosphere. The turbid mixture
gradually evolved into a creamy-white emulsion in appearance
after 20 min. Then the sample was set aside for 24 h.

During the reserving period, the TEOS tended to diffuse into the
interface of oil phase and water, leading to hydrolysis and conden-
sation reactions of alkoxysilane precursors that were catalyzed by
surface sulfogroup of the sulfonated polystyrene particles. After
24 h, microcapsules with oil core and silica gel shell were formed
and at the same time the adsorbed polystyrene particles disen-
gaged from the shell. The microcapsules with MMA oil core were
used as reservoirs for healing agent, while the microcapsules with
TEB oil core were used as reservoirs for chemical initiator (catalyst)
in this system.

2.3. Preparation of mortar specimens

Three types of carbon microfiber-reinforced mortar specimens
including the control (with no particles admixed), the sulfonated
polystyrene modified mortars (SPSM, with sulfonated polystyrene
particles admixed), and the self-healing mortars (SHM, with micro-
capsules admixed) were investigated. For each type of mortars,
three or more specimens were fabricated for each planned test to
ensure the statistical reliability of the test results. The carbon
microfiber content in the mortar mix was 2.0% by volume. The sil-
ica fume content was 15% by weight of binder. All specimens were
prepared in an ordinary mortar mixer at a constant water-to-bin-
der mass ratio of 0.52 and a constant sand-to-binder mass ratio
of 2. The mixing sequence was the following: the cement, silica
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Fig. 1. Schematic illustration of the formation of the passive smart microcapsules.
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fume, and mixing water were first mixed to form a paste, and then
the fibers were slowly added while mixing continued, and finally
the sand was incorporated. For the sulfonated polystyrene modi-
fied mortar specimens, a homogeneous solution containing 0.15%
(by weight of cement) sulfonated polystyrene particles was used
as the mixing water. For the self-healing mortar specimens, a
freshly prepared solution containing 1.5% (by weight of cement)
microcapsules with MMA oil core was mixed into cement and then
stirred thoroughly for 5 min. Afterwards, a freshly prepared solu-
tion containing 0.03% (by weight of cement) microcapsules with
TEB oil core was added into the mixture and stirred thoroughly
for another 5 min. The total content of sulfonated polystyrene par-
ticles dispersed in the two solutions above for preparing PSMs was
0.15% by weight of cement. Since the amount of sulfonated poly-
styrene particles admixed in SPSM and SHM mortar specimens
was kept consistent, the SPSM specimens were used as the second
control relative to the SHM specimens. After mixing, the fresh mix-
ture was cast into molds to form #50 mm x 100 mm cylinders, and
was carefully compacted to minimize the amount of entrapped air.
The mortar specimens were de-molded after 24 h and then cured
in a wet chamber (relative humidity in excess of 95%, temperature
20 £ 2 °C) for 27 additional days.

2.4. Characterization and testing of materials

2.4.1. Optical and FESEM imaging of the PSMs and particles

In order to confirm that the healing agent (MMA) and the cata-
lyst (TEB) were successfully microencapsulated, an organic fluores-
cent dye, 2,7-bis (N,N-diphenylamino)-9,9-diethyl-fluorene, was
incorporated into the oil phase (5 mg/ml) and then was introduced
to the reaction system to prepare the microcapsules. At the com-
pletion of the PSMs fabrication, an Olympus BX61 optical micro-
scope and a Zeiss Supra 55VP PGT/HKL FESEM system were
employed to examine the morphology of the PSMs and surface-sul-
fonated polystyrene particles.

2.4.2. Permeability test of mortar specimens

The permeability of concrete is one of the most important micro-
structural properties directly related to its durability and long-term
performance. Among many techniques that could be performed to
measure the permeability of cement composite, gas permeability
using liquid methanol as the gas source is one of the easiest and fast-
est [22-25]. In this study, we used the apparatus and approach pro-
posed by Alshamsi and Imran [25] to determine the permeability
coefficient of the mortar specimens after being subjected to com-
pression loading. Specimens at 1-day and 28-day curing ages from

three types of prepared #50 mm x 100 mm cylinders were selected
to conduct this test. Firstly, they were loaded under 80% of their
respective ultimate compressive strength and then set aside for
24 h. After that, three 10 mm-thick cylindrical disk specimens were
cut from the middle of the cylinders. Subsequently, the disk speci-
mens were vacuum-dried at room temperature for 24 h to remove
the moisture within specimens and then placed and sealed on the
top of a cell with epoxy sealer to avoid leakage of methanol vapor
as shown schematically in Fig. 2.

The initial weight of the whole specimen setup including the
cell, methanol liquid, and disk specimen and epoxy sealer was
measured at the beginning of the test. The values of mass variation
vs. time due to the vaporization of methanol liquid at a constant
40 °C water bath temperature during the test were continuously
recorded at each time interval until a steady-state mass loss was
reached. Fig. 3 provides a typical plot of the gas permeability test
data. The permeability coefficient was then calculated using the
following equations [25-27].
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where py = the absolute pressure of vapor (N/m?), T = the absolute
temperature (K), # = the dynamic viscosity (Ns/m?), Q = the volu-
metric flow rate (m>/s), m’ =the rate of mass loss (g/s), k= the
intrinsic permeability coefficient (m?), P; = the inlet pressure (N/
m?), P, = the outlet pressure (N/m?), L = the length of the sample
(m) and A = the cross-sectional area perpendicular to the flow direc-
tion (m?).

2.4.3. Fatigue test under uniaxial compression cyclic loading

The cylindrical mortar specimens were first loaded to 80% of
their static ultimate compressive strength using a hydraulic Mate-
rial Testing System (MTS Model 880) and then set aside for 24 h be-
fore being subjected to cyclically loading between 25% and 95% of
their static ultimate compressive strength until failure. Fatigue
strain data was recorded using a strain gage from Vishay Micro-
Measurements group, Inc. (Raleigh, NC). Because the maximum
aggregate size used was 1.18 mm in diameter, a gage length of
6.35 mm (larger than the minimum recommendation of 5.89 mm)
was deemed sufficient. The frequency of loading was 1 Hz, and
was applied sinusoidally with time. Data was recorded using a
Campbell Scientific® CR5000 data-logger. A Tektronix® CPS250

hardened cement mortar disk
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Fig. 2. Schematic illustration of experimental setup for the gas permeability test.
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Fig. 3. Typical relationship between time and evaporated mass loss of methanol
during gas permeability test.

power supplier was used to supply power to the strain gage
circuitry.

2.4.4. Microscopic observation of microcracks and FESEM/EDX
analyses

For surface analysis of microcracking and self-healing behavior
in mortar, the specimen was loaded under 80% ultimate compres-
sive strength to generate some artificial microcracks. Afterwards, a
cylindrical disk was cut directly from the middle of the cylinder
and then set aside for 24 h before being subjected to a Zeiss Supra
55VP PGT/HKL FESEM/EDX system to examine its localized mor-

Developing crack
-

self-heal

—>

phology and elemental distributions at the microscopic level. The
EDX data was obtained using a micro-analytical unit that featured
the ability to detect the small variations of trace element content.

3. Results and discussion
3.1. Self-healing concept of the PSMs in mortar

The concept of self-healing of the PSMs in cement mortar is
illustrated in Fig. 4. When a microcrack is initiated due to mechan-
ical stress, it is expected to rupture the microcapsules by crack
propagation and thus release both the healing agent and the cata-
lyst. The healing agent fills into the cracks through capillary action.
When the healing agent is in contact with the catalyst through the
cracked microcapsules, its polymerization is triggered to bond the
crack faces together. To enable the polymerization of MMA at room
temperature and in the presence of oxygen-containing air, we
chose the catalyst system as shown in Fig. 5 [28,29].

3.2. Morphology of the PSMs and particles

Optical microscopic images of the PSMs are shown in Fig. 6a and
b as an overlay of the transmission bright field image and the fluo-
rescent image, which clearly indicate the encapsulation of the oil
phase including healing agent (MMA) or catalyst (TEB) along with
the fluorescent dye by the silica microcages. We used the Adobe
Photoshop CS4 software to measure at least 100 droplets in the
optical photos and revealed that the diameter of the two types of
PSMs featured an average diameter of 4.15 pm.

The morphology of microcapsules and surface-sulfonated poly-
styrene particles was further examined by FESEM as shown in
Fig. 7a and b. While most microcapsules featured completely
closed shells, a small amount of microcapsules with open pores

Polymerized healant in
crack

Fig. 4. Schematic illustration of the self-healing concept. (i) Healing agent and catalyst encapsulated in PSMs are dispersed in cementious material and microcrack is forming.
(ii) The crack ruptures the microcapsules and the healing agent contacts the catalyst, triggering polymerization that bonds the crack faces.
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Fig. 5. Radical polymerization of methylmethacrylate initiated by triethylborane at room temperature.
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Fig. 6. Optical microscopic images of (a) MMA healing-agent-containing micro-
capsules and (b) TEB catalyst-containing microcapsules.

on the shell were also observed. The closed and open state of the
pores was adjusted using polystyrene particles subjected to differ-
ent durations of sulfonation. The increase in sulfonation time in-
creased the polarity of the microspheres surface, which in turn
decreased the contact area of the latex particles at the surface of
the oil droplet. As such, when the latex particles disengaged them-
selves from the silica gel shell, they left behind more closed micro-
capsules. In this study, the microcapsules with closed shells were
successfully obtained using polystyrene particles sulfonated for
60 h.

3.3. Gas permeability of cement mortars

Fig. 8 shows the results of permeability coefficients of cement
mortar composite at 3-day and 30-day curing ages, after being
loaded under 80% of ultimate compressive strength and subse-
quently set aside for 24 h to allow the released healing agent to
polymerize. Relative to the control, it can be seen that the highest
percentage of decrease in the permeability coefficient was 50.2%
and 66.8% for the self-healing mortar (SHM) at ages of 3 days
and 30 days respectively. For the sulfonated polystyrene modified
mortar (SPSM), a smaller percentage of decrease in the permeabil-
ity coefficient was observed, i.e., 23.8% and 24.0% at ages of 3 days
and 30 days respectively. Relative to the SPSM, the more highly
reduced permeability of SHM can be attributed to the self-healing
effect of PSMs. The results suggest that that with the help of carbon
microfibers in controlling the crack width, the inclusion of PSMs

Fig. 7. FESEM images of: (a) the composite microcapsules and (b) surface-
sulfonated polystyrene particles.
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Fig. 8. Permeability coefficients of cement mortar composite at 3-day and 30-day
curing ages, after being loaded under 80% of ultimate compressive strength and
subsequently set aside for 24 h.

provided cement mortar with the ability to heal microcracks and
to partially regain its mechanical properties.

In addition to the self-healing effect, we hypothesize that there
are multiple mechanisms at work that account for why both types
of microparticles reduced the permeability of cement mortar con-
taining carbon microfibers and silica fume. First of all, these micro-
particles especially the PSMs, along with the silica fume particles
are expected to assemble around the surface of carbon microfibers
via physico-chemical interactions, facilitating the dispersion of
microfibers in the cementitious matrix. Secondly, these micropar-
ticles can participate in the cement hydration process at the micro-
scale and thus lead to less permeable microstructure of the
hydrated cement. For PSMs, their silica gel shell can participate
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in the pozzalanic reactions of cement hydration. Strong bonding
between the microcapsules and the cementitious matrix can be ex-
pected as a result of the high contact area between the two phases.
Finally, these microparticles can serve as micro-fillers and fill in
the voids within the hydrated cement paste and at the interface
of cement paste and fibers, leading to less permeable microstruc-
ture of the cementitious composite.

3.4. Fatigue behavior of the mortar specimens

Fatigue is progressive and permanent internal damage in a
material subjected to repeated loading. This is attributed to the
propagation of internal microcracks which results in a significant
increase of irrecoverable strain. Previous studies have found that
the addition of fibers can benefit the fatigue performance of con-
crete [30]. However, the benefit derived from the addition of fibers
is not as significant under compressive fatigue loading as that un-
der the flexural fatigue loading. Additionally, it has been suggested
that the presence of fibers only help to enhance the fatigue behav-
ior in low cycle regions and is limited in providing any improve-
ment at a higher number of cycles [31,32]. In this study, the
typical fatigue behavior of the microfiber-reinforced mortar speci-
mens (SHM, SPSM, vs. control) under uniaxial compression cyclic
loading was depicted by the relationship between the fatigue
strain and the number of loading cycles until failure. As shown in
Fig. 9, for all three types of mortar specimens, the fatigue strain
development featured three distinct stages: the first stage charac-
teristic of quick strain increase up to approximately 10% of the to-
tal life, the second stage characteristic of gradual strain increase
from approximately 10-80% of the total life (attributed to the
development of a large amount of small cracks in the mortar ma-
trix), and the last stage characteristic of another quick strain in-
crease until failure. Relative to the control, the SPSM and SHM
specimens showed a significant prolonged second stage and their
strain increment curves were less steep, demonstrating the benefi-
cial role of these special microparticles in inhibiting the initiation
and propagation of cracks. This also translates to higher load carry-
ing capacity of microfiber-reinforced mortar specimens when they
are admixed with PSMs and sulfonated polystyrene microspheres.
Compared with the SPSM specimen, the SHM specimen showed
smaller fatigue strain after the same number of load cycles, attrib-
utable to the self-healing effect of PSMs on enhancing the tough-
ness of the cementitious composite under fatigue loading.

6000 /
Control
5000 | |
4000 - ' f
3000 - _—

2000 - e -

Fatigue strain ( in microstrain )

1000 4/

T T T 1
10000 15000 20000 25000

Number of cycles

v T
0 5000

Fig. 9. Relationship between the fatigue strain and the number of cycles under
uniaxial compression cyclic loading, for SHM, SPSM and control for control mortar
specimens respectively.

Fe MgAIP S K Ca Fe

Fig. 10. (a) FESEM image of cracked surface of a SHM specimen; (b) The EDX
spectrum showing the chemical composition of the area containing the microcracks
on the SHM specimen surface.

3.5. Microscopic analyses

Recent technological advances in FESEM enable observations to
be performed under a weak vacuum and thus allow for better
maintenance of specimen microstructure. FESEM coupled with
EDX provided information on the surface and thus shed light on
the localized morphology and chemical composition of cracked
areas.

The image of Fig. 10a was taken from surface of SHM specimen
which was loaded under 80% ultimate compressive strength at
28 days and then subsequently set aside for 24 h. It can be found
that some ruptured microcapsules existed and filled into the voids
of cracks (as indicated by the arrowhead). Fig. 10b is the EDX spec-
trum showing the chemical composition of the area containing the
microcracks on the surface of SHM specimen at a depth of approx-
imately 1 pm from the surface to the mortar bulk matrix. The EDX
data indicate that the surface of cracked area mainly consisted of C,
O and Si, suggesting that the void of the cracks was filled mainly
with PMMA and some cracked silica gel shell. The signal of boron
(B) might be derived from the presence of the chemical initiator,
triethylborane (TEB). In addition, the relative elemental content
of C to O in cracks (58.0 wt.% vs. 20.8 wt.%) was similar to that of
PMMA (67.6 wt.% vs. 22.5 wt.%), indicating the release of healing
agent (MMA) by the externally applied mechanical force, and its
polymerization in the 24 h subsequent to the compressive loading.

4. Conclusions

We proposed and investigated the concept of self-healing
cementitious composite using oil core/silica gel shell microcap-
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sules. Optical microscope and FESEM images revealed the micro-
capsules (PSMs) with closed shells and an average diameter of
4.15 um were fabricated using polystyrene particles sulfonated
for 60 h, and at the same time the oil phase including healing agent
(MMA) and catalyst (TEB) was successfully encapsulated. The sul-
fonated polystyrene particles or PSMs were incorporated into the
fresh cement mortar along with carbon microfibers and silica
fume.

Gas permeability coefficients of cement mortar composite at
different curing ages were studied, after being loaded under 80%
of ultimate compressive strength and subsequently set aside for
24 h. Relative to the control, the highest percentage of decrease
in the permeability coefficient was 50.2% and 66.8% for the self-
healing mortar (SHM) at ages of 3 days and 30 days respectively.
The inclusion of both types of microparticles was demonstrated
to reduce the gas permeability of hydrated cement mortar compos-
ite. For the SHM, the reduced permeability can be partly attributed
to the self-healing effect of PSMs. The crack resistance of the self-
healing composites was also evaluated using a fatigue test under
uniaxial compression cyclic loading. The test results revealed that
the incorporation of a small dosage of PSMs into carbon microfi-
ber-reinforced mortar improved the crack resistance and tough-
ness of the specimens under fatigue loading. The self-healing
effect was further confirmed by field emission scanning electron
microscope coupled with energy-dispersive X-ray analyzer
(FESEM/EDX).

This investigation demonstrated the feasibility of self-healing
cementitious composites using oil core/silica gel shell PSMs. Such
knowledge contributes to the search for effective measures to heal
the microcracks in cementitious composites and thus reduce fur-
ther damage of cement-based components or structures. Additional
research is needed to further improve the healing efficiency, long-
tem performance, and cost-effectiveness of this system.
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