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Abstract: Self-healing microcapsules were synthesized by in situ polymerization with a melamine
urea-formaldehyde resin shell and an epoxy resin adhesive. The effects of the key factors, i.e.,
core-wall ratio, reaction temperature, pH and stirring rate, were investigated by characterizing
microcapsule morphology, shell thickness, particle size distribution, mechanical properties and
chemical nature. Microcapsule healing mechanisms in cement paste were evaluated based on recovery
strength and healing microstructure. The results showed that the encapsulation ability, the elasticity
modulus and hardness of the capsule increased with an increase of the proportion of shell material.
Increased polymerization temperatures were beneficial to the higher degree of shell condensation
polymerization, higher resin particles deposition on microcapsule surfaces and enhanced mechanical
properties. For relatively low pH values, the less porous three-dimensional structure led to the
increased elastic modulus of shell and the more stable chemical structure. Optimized microcapsules
were produced at a temperature of 60 °C, a core-wall ratio of 1:1, at pH 2~3 and at a stirring rate of
300~400 r/min. The best strength restoration was observed in the cement paste pre-damaged by 30%
fmax and incorporating 4 wt % of capsules.
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1. Introduction

Concrete is one of the most widely used construction materials. It is susceptible to crack formation
when exposed to certain environmental conditions and external loads. The cracks undoubtedly
endanger the performance and potential service life of concrete structures in terms of their mechanical
and/or transport properties [1-4]. Accordingly, immediate cracks repair in concrete is a property that
is strived for.

A bio-inspired self-healing capability, like natural healing of wounds or cuts in living species, has
become the focus of increasing attention because it potentially enables restoration of the structural
integrity of materials [5-8]. Similar ideas have been incorporated to endow concrete materials a built-in
self-healing ability since it was originally proposed for cement matrix by Dry [9-16]. A variety of
approaches have been developed based on experimental explorations, utilizing bacteria spores [17-23],
mineral admixtures [24-32], tabulated capsules or microencapsulation, efc. [33-36].

Encapsulation techniques have attracted increasing interest in self-healing cementitious materials
due to that transfer of stress between failed crack faces can be rebuilt when polymers are used as
the adhesive that can provide fast recovery of strength compared to other approaches, in addition
to the improved transport properties. Potential healing occurs upon rupture of the capsules by
propagating cracks and release of both components which then contact and polymerize each other [5].
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Microencapsulation of various combinations of healing agents and shell wall has been conducted
to achieve desired healing efficiency. Epoxy resin and urea-formaldehyde are one of the most
commonly used matches in microencapsulation since epoxy has been normally used for repair
of concrete. Behzadnasab [37] synthesized UF microcapsules filled with linseed oil in various
core-wall ratios and different mixing speeds. The healing efficiency was evaluated according to the
mechanical response of epoxy-based coatings containing various amounts of microcapsules. Only the
morphology and size of the microcapsules were characterized without its mechanical properties
included. Blaiszik et al. [38] studied an in situ encapsulation method for reactive epoxy resins core
with different diluents surrounded by a urea-formaldehyde (UF) shell. The capsules are demonstrated
to satisfy the requirements for use in self-healing of epoxy-based composites including processing
survivability, thermal stability, and efficient in situ rupture for delivery of healing agent. The influence
of the processing parameters on the microcapsules is unknown as well as the mechanical properties of
the shell. Jin et al. [39,40] synthesized hollow PUF polymeric microcapsules containing epoxy-amine
and demonstrated the excellent healing performance of epoxy matrix incorporating the capsules.
Tripathi et al. [41] compared the influence of melamine-formaldehyde (MF) and urea-formaldehyde
(UF) as the shell material on the mechanical response of epoxy matrix. The studies indicate that
the microcapsule shell wall material does not play any significant role in defining the mechanical
properties of the host composites. Yuan ef al. [42] prepared a series of poly urea—formaldehyde
(PUF) microcapsules containing epoxy resins and investigated the effect of surfactant type, surfactant
concentration, adjusting time for pH value and heating rate on the size and surface morphology of
microcapsules. No healing behavior of host matrix by the microcapsules prepared was reported in this
study. Indeed, the UF capsules containing epoxy resins have been studied mostly for self-healing of
polymer-based matrix by now and few researches have been reported on its utilization in concrete.
Nishiwaki [43] prepared the UF formalin microcapsules filled with epoxy resin (the shell with the
diameter of 20-70 pm) and the gelatin microcapsules with acrylic resin as a hardener (the shell with
the diameter of 125-297 um). The researcher suggested one component healing agent as the core
material, the bigger microcapsules and the improved bond strength between the shell materials and
cementitious matrix for use according to the experimental results. Instead, microencapsulation of UF
shell and other core materials, such as sodium silicate, water, etc., has been more made for self-healing
of concrete based on distinguished healing mechanisms, i.e., hydration or recrystallization due to
chemical reaction between minerals in concrete and encapsulated healants [44-46]. However, this is
a time-dependent healing process and thus it is difficult for strength restoration in a short period as
compared to polymers used as the healing agent.

Though a number of studies have revealed various factors affecting the UF microcapsules
containing epoxy resins, they are mainly aimed at its utilization in polymer-based composites
rather than cementitious materials. Moreover, the material utilized must be appropriate to assist
the microcapsules in enduring its required environment [47,48]. In the case of the application of
self-healing concrete, the shell must be easily ruptured by cracks and rigid and strong enough to resist
unexpected external forces during mixing of concrete. However, few researches have been reported
on the mechanical properties of the shell. Taking into account these, the overall selection for the
microcapsule process that depends on multiple factors as the mechanical properties, size distribution,
and chemical nature, etc., becomes the first focus of the present study. Furthermore, the self-healing
efficiency of cement matrices by the microcapsules prepared was thereafter evaluated in terms of
strength restoration and healing microstructure.

2. Experiments

2.1. Materials

Melamine, urea, triethylamine, sodium dodecylbenzenesulfonate (SDBS) and formaldehyde
(reagent mass fraction of 37%) were of analytical grade and supplied by Sinopharm Chemical Reagent
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Co., Ltd., China. N-butyl ether, hydrochloric acid (mass fraction 10%) and epoxy resin E-51 were
commercially available from Hanzhong Materials Co., Ltd., Shanghai, China. Laboratory tap water
was used. An epoxy-amine hardener from Shanghai Hanzhong Chemicals Co., Ltd., China, was used
in the matrix for self-healing evaluation.

All paste specimens were made with ordinary Portland cement (OPC, Type I) and laboratory
tap water.

2.2. Preparation of Microcapsules

Melamine, urea and formaldehyde were dissolved under stirring in a three-necked flask at a molar
ratio of 0.05:1:2. The pH value was subsequently adjusted to 8-9 using triethylamine. Then, the reaction
system was heated up to 70 °C, and the mixture was stirred at reflux for 1 h to obtain a colorless
transparent viscous melamine-urea-formaldehyde co-condensation resin prepolymer. Next, sodium
dodecyl benzene sulfonate surfactant at a mass fraction of 0.5%~1% was added to the mixture, stirred
for several minutes and cooled to room temperature. Then, E-51 epoxy resin containing a reactive
diluent of n-butyl glycidyl ether (at a mass fraction of 17.5%) was added under stirring emulsification
for 20-30 min. To form microcapsules, hydrochloric acid solution was slowly added to adjust the
pH value to 2.0~4.0, and the temperature was increased to 60 °C. The solution was allowed to react
for 2~3 h. Finally, the mixture was filtered, washed and dried to obtain a dry microcapsule powder.
The microcapsule surfaces were moist, but no visible and dissociative water were observable in the
particle system.

The synthesis procedure of the microcapsule powder is summarized in Figure 1. In general, the
cost of the microcapsules in dry form is about 1.5$/100 g at present.

Melamine ]
Trithlymine, adjust pH,_| 70°C
Urea value to 8~9 Stirring 0.5-1 wth SDBS
Formaldehyde | |
solution
Stirring 20~30 ;
Filter, wash ‘pH:2~4,609C, ‘ s tirring ~aUm;
and dry 5-3h Hydrochloric acid % E-51

Figure 1. Synthesis procedure of microcapsules.

Cement paste with 0.3 w/c was used as the matrix. The epoxy-amine hardener, in an
epoxy-to-amine ratio of 1.3, was mixed with the paste incorporating the microcapsules. The amine
hardener was not added in the control samples. 1%, 2% and 4% of microcapsules by cement mass
were added. The mixture was molded into 40 mm x 40 mm x 160 mm and cured under standard
conditions for 28 d (20 °C + 2 °C, >95% RH).

2.3. Test Procedure

A variety of synthesis conditions of the reaction system, including the core-wall mass ratio,
the reaction temperature, pH value and stirring rate, were examined as given in Table 1. Only one
condition changed, e.g., various core-wall ratio was prepared, while the remaining parameters were
kept at the optimized value simultaneously, to reveal the effect of each specific condition on the
prepared microcapsules.
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Table 1. Microcapsule preparation parameter.

Core-Wall Ratio  Reaction Temperature (°C)  pH Value  Stirring (r/min)

1:0.8 60 3 300
1:1 60 3 300
1:1.25 60 3 300
1:1 55 3 300
1:1 60 3 300
11 65 3 300
11 60 2 300
1:1 60 3 300
1:1 60 4 300
1:1 60 3 200
1:1 60 3 300
1:1 60 3 400

2.3.1. Morphology

Microcapsule emulsions were drop-wise added onto glass slides for optical observation of the
morphology. Surface texture was also observed under SEM.

2.3.2. Shell Thickness Measurement

Microcapsule shell thicknesses were measured using scanning electron microscopy.

2.3.3. Size Distribution

The size distribution of the microcapsule was examined using a Laser Particle Size Analyzer
(Beckman Coulter Company, L5230).

2.3.4. Mechanical Properties of the Shell

An in situ nanomechanical testing system, TriboIndenter (Hysitron, USA), was used to measure
the mechanical properties of the shell.

In general, the samples were prepared under vacuum via curing, grinding and polishing following
the below steps:

1.  acertain amount of epoxy resin was placed in a mold;

2. dry microcapsule powder was mixed into the epoxy resin and stirred;

3. alayer of microcapsule powder was deposited at the bottom of another mold, and the epoxy
resin-dry microcapsule mixture was poured over the deposited layer under vacuum.

The samples, after 12 h left for curing of epoxy, were removed for grinding on Buehler-Met II paper
disks with gradation of 15 um, 13 um, 11 um, 8.5 um and 6.5 um, successively. For each gradation,
the sample was ground for approximate 30 s under the pressure of 5N, followed by 30~60 min of
burnishing with Buehler diamond suspensions in ethanol as polishing liquids of gradations 9 um,
6 um, and 3 pm until no obvious scratches were presented following the procedure of the previous
step. The polishing was performed on a Buehler Consumables Texmat cloth and 30 min was allowed
for each gradation. The samples were then placed in an ultrasonic bath for 10 min to clean the dust
and unexpected particles. The surface quality was finally double checked and confirmed by optical
microscopy to ensure a flat and smooth surface for tests as shown in Figure 2. To obtain reliable results,
at least five indentations were performed on each specimen at different points on the desired objective.
The Oliver and Pharr method was applied for analyzing the experimental data [49].

The nanoindentation tests were performed with a Hysitron Triboindenter fitted with a Berkovich
tip (tip radius of 0.6 pm, angle of 142.3°). The indenter came into contact with the sample surface with
a calibrated trapezoidal load function, as defined by a loading time of 5 s, a holding time of 2 s at
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a maximum load of 30 uN, and an unloading time of 5 s. A typical load—depth curve for indentation
experiments was given in Figure 3. The contact stiffness (S) is defined as the slope of the unloading
curve and given by [49-51]:

5= _ 2 VA M
where A is the projected contact area at the peak load Pmax and can be extrapolated by the Oliver and
Pharr method [49], and E, is the reduced elastic modulus.

The hardness H is defined as
H _ Pmax

n @

It is noteworthy that the elastic moduli and/or hardness measured are supposed to be influenced
by the epoxy matrix used to embed the sample due to a high gradient deformation between the capsules
and the epoxy matrix. To diminish this unexpected effect, the epoxy with a elasticity comparatively
close to that of the wall material of the microcapsules was selected to ensure the compatability in
mechanical response. Figure 4 shows the test set up of TriboIndenter (Hysitron, USA).

Figure 2. Sample for nanomechanical testing.

3500

3000 4~ +

2500 4 -+

— Unloading

b4

3 2000 + e
o) Loading

:sj 1500 <+~ \ =+

1000 - -+
S=dp/dh

500 - +

0 | | J Il

T T T T
0 200 400 600 800 1000 1200

Displacement(nm)

Figure 3. Typical load—displacement curve of nanoindentation and the indent image.

Figure 4. Testing setup.
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2.3.5. Chemical Structure of the Shell

Fourier transform infrared spectroscopy was used to identify the chemical structures of
the microcapsules.

2.3.6. Strength Restoration of Self-Healing Specimens

Three-point flexural test was performed to evaluate the healing efficiency as shown in Figure 5.
First, at least three paste specimens for each content of microcapsules were loaded to determine its
maximum load resistance (denoted by fmax). Then, the subsequent groups were loaded until 30%fmax,
60%fmax and 80%fmax, respectively. The pre-damage samples were left for 2 h for potential healing
to occur. Then, the samples were reloaded until failure to determine the restored strength. Three
replicates for each group were used to obtain the averaged results.

Figure 5. Three-point flexural loading setup.

The flexural strength restoration rate of a sample is determined by
_ &

-5 ©)

f
where 775 is the flexural strength restoration rate (+0.01); R the ultimate flexural strength (MPa) in
reloading (+0.1 MPa); and Ry the initial flexural strength (MPa) (+:0.1 MPa).

3. Results and Discussion

3.1. Morphology

The microcapsule morphology were observed using an optical microscope as shown in Figure 6.
The sizes ranged from 10 um-100 um. The microcapsules were of regular spherical shapes, and
the core and the shell were distinguishable. The surfaces were rough and were patterned with
urea-formaldehyde resin nanoparticle deposits (marked by “A” in Figure 6). The deposited particles
made the surface coarser, which can increase the contact surface area between the microcapsules and
the cementitious matrix. Observed cracked shells (marked by “B” in Figure 6) may have been ruptured
during the sample preparation.
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Figure 6. Optical microscopy images of microcapsules prepared.

Figure 7 shows the surface texture of the microcapsules. The capsule is approximately 200 pm in
diameter, and its surface looks rough with some small voids.This is beneficial to a good bond between
the capsules wall and cementitious matrix.

Figure 7. SEM observation of microcapsules morphology.

3.2. Particle Size and Distribution

Figure 8a shows the effect of core-wall ratio on the size distribution. The size shifts to the
larger ones as the proportion of wall material increases, particularly for the core-wall ratio of 1:1.25.
The excessive amount of shell material may lead to a more rapid deposition of resin particles
on the surface and in turn, lead to a large increase in the size of the microcapsule. There is no
signicant difference of the size distribution between the conditions of1:1 and 1:0.8 of core-wall ratio.
One potential explanation for this is the irregular particles with too thin shells to encapsulate the
increasing core material.

Figure 8b shows the effects of temperature on the size distribution. The microcapsules become
in a wider spread range of size at 55 °C when compared with that of the other two temperatures.
The volume at the peak size, i.e., about 400 um, decreases half at 55 °C while it follows the quite
similar distribution for 60 °C and 65 °C. At lower temperature, the reaction is not competitive and
therefore the UF resin cross-linking reactions are slowand so is the particle formation rate. This results
in a reduced ability of the shell to encapsulate the core materials. The size shifted slightly to the smaller
ones when the temperature increased to 65 °C from 60 °C because the particles formed rapidly at
a higher temperature. Under these conditions, the capsule shell is comparatively thin. The relatively
large size of the capsule can be prone to rupture under the high shearing forces caused by stirring.
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However, the probability of collisions between the particles increases at high temperatures and this
prevents the particles from depositing and adhering onto the core particles.

Figure 8c shows the results for various pH values. As the pH increased, the chemical structure of
the microcapsule shell became more compact and the shell was firmer. When the pH was three, the
microcapsule size distribution was relatively uniform and larger, which contributed to the dense and
uniform pre-formed shell resin particles. When the pH increased up to four, the shell resin particles
had an uneven size distribution. Furthermore, the capsule particles were smaller because the UF resin
could not condense. Fewer ether bonds formed in the shell, and the ability of shell to encapsulate
core materials decreased. In general, as the pH decreased, the system reacted more rapidly. The raw
material reacted at a higher rate, which results in a dense microcapsule shell and microcapsule with
larger size.

If the reaction system and the physical parameters remained unchanged, the pH value and stirring
rate are the main factors that affect the average particle size, as shown in Figure 8c,d. The diameter
of the microcapsules reduced as the stirring rate increased. At higher stirring rates, the shear forces
acting on the particle emulsion increased and the droplet size decreased, resulting in a relatively small
microcapsule particle size. When the stirring rate decreased to 200 r/min, an abnormal increase in
the average particle size of the capsule was observed. This may be attributed a too low stirring rate
to provide enough shear force and the amount of kinetic energy in the system reduced accordingly,
resulting in low microcapsule synthesis efficiency and encapsulation efficiency. Under these conditions,
free epoxy-amine resins may coat the microcapsules and form large particles.

It should be noted that the core-wall ratio and the temperature do not show a significant effect
on the size distribution unless they are changed to a either quite high or low value as compared to
the other two factors of pH and stirring rate which result in a mononeous tendency of the size with
increasing or decreasing of the two paramters.

12 12
1:1.25] ] 1 55°C| |
111 60°C
10+ 1:08 [T 1051 esc| |
A
— 84 / —+ —~ 8+ T
£ A \A s
© / o
E 6T A \‘ e E 6T T
=l | =]
o o
> 4l /K \ | > s 1
/A‘ L
21 -+ 24 -+
¢ A A
0 f } } } o il | | = 4 |
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Particle Diameter (um) Particle Diameter (um)
(a) (b)
12 12

pH2| | 1 {—A—rev 200 r/m| |
- O—pH3 (—O—rev 300 r/m
T pH4 T 1057 {—— rev 400 r/m[T

A la o
T f

- T g T 2 T L
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000

Particle Diameter (um) Particle Diameter (um)
(c) (d)

Figure 8. Effect of (a) core-wall ratio; (b) reaction temperature; (c) pH value and (d) stirring rate on the
microcapsule size distribution.
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3.3. Mechanical Properties of Microcapsules

The mechanical properties of the microcapsule wall directly affect the self-healing performance.
When cracks form in the internal structure of cementitious materials, microcapsules at the tip
of the crack are subjected to high stress force that can result in the rupture of the microcapsule
wall. The healing agent encapsulated within the microcapsules is then released to fill the cracks.
Therefore, the mechanical properties of the wall should be within an appropriate range for the potential
breakage of the shell to occur. Other than this, the characteristics of the damage and/or cracks also
play an important role in cracks healing. At a low mechanical load, crack defects develop slowly and
thus the possibility for microcapsules to be ruptured decreases. Otherwise, crack defects propagate
and increase in size at higher external load, which may lead to a large portion of unhealing cracks due
to limited available healing agent in the system. Therefore, the ultimate healing efficiency is a critical
combination of the mechanical properties of the microcapsule wall and the damage induced.

To find the appropriate testing zone for the properties of the microcapsules, a pure epoxy resin
sample was prepared as calibration. The white and black areas of the microcapsules embedded sample
were both tested as shown in Figure 9.

Figure 9. Inlays in the epoxy resin microcapsule reunion.

The elastic moduli of different areas in each specimen are shown in Figure 10. It can be seen that
points 4~7 and 8 identify the black and white area of the microcapsule sample, respectively. The elastic
moduli of the samples at points 1, 2, 3 and 8 were approximately 4 GPa. The elastic moduli of the
samples at points 4, 5, 6 and 7 are distinguishable. These results indicated that the black area of the
microcapsule samples is supposed to be the wall of microcapsules although it varies in a wide range.
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Figure 10. Elastic moduli of different areas in each specimen.
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Figure 11a shows the higher amount of wall materials used lead to the greater elasticity modulus
as well as hardness. Under these conditions, the resin formed at a rapid rate and a thicker wall was
generated. When the proportion of the core material is greater than the amount of the wall materials are
supposed to encapsulate, the capsule wall elastic modulus and hardness values were lower. This was
likely due to a lack of wall material, resulting in a thin capsule wall. Additionally, any unreacted epoxy
may have been retained in the system and deposited as a coating on the microcapsule particle surface,
which would also contribute to the lower elastic modulus and hardness.

Figure 11b shows that the microcapsule elastic modulus and hardness significantly increased
at higher reaction temperatures. However, these values somewhat decreased when the reaction
temperature was low. At low reaction temperatures, the urea-formaldehyde resin is unable to
sufficiently react and the degree of resin cross-linking is low, thereby forming a thin wall. The bigger
size of the microcapsules also accounts for the lower elastic modulus and hardness as represented in
Figure 8b.

In Figure 11c, the three-dimensional network of chemical structure of the microcapsule wall was
more compact and the wall was firmer for lower pH values. When the pH was 2~3, the elastic modulus
and hardness were significantly greater than those at pH = 4. Depending on the polymerization
mechanism and conditions of the formation of the wall molecules, the reaction rate and the degree
of reaction are supposed to increase with the decreasing pH. Overall, these conditions resulted in
a denser wall and higher mechanical indexes accordingly.

In Figure 11d, when the agitation rate increased to 400 r/min, the microcapsule elastic modulus
and hardness significantly increased. This is likely due to the increased kinetic energy supplied
to the capsules, resulting in the formation of denser walls. When the stirring rate decreased to
200 r/min, the available shear force and kinetic energy were too low. This resulted in low microcapsule
synthesis efficiency, capsule core encapsulation efficiency and free epoxy resin coating. Therefore,
these conditions resulted in a lower elastic modulus and hardness.
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Figure 11. Effect of (a) core-wall ratio; (b) reaction temperature; (c) pH value and (d) stirring rate on
elastic modulus (“E”) and hardness of microcapsules (“H”).
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3.4. Chemical Structure of the Capsule Wall

The number of functional groups on the surfaces of the microcapsule walls was obtained by
first analyzing the chemical structure of the microcapsule wall using infrared spectroscopy and
subsequently determining the degree of reaction at the microcapsule wall. The system acidity is the
primary factor that affects the chemical structure of the microcapsule wall and the reaction mechanism
was analyzed by changes in pH.

A brief literature review [52] indicates the main characteristic infrared spectra peaks of epoxy
resin E-51 are 771 ecm 1, 1035 cm™ 1, 1184 em ™!, 1361 cm ! and 1583 cm~!-774 cm™!. In the reaction
of formaldehyde and urea, the number of hydroxyl and amino groups gradually decreased, and the
absorption peaks of 3330 cm ! and 1000 cm ™! decreased.

Figure 12 shows decreases in the O — H bond peak (3340 cm~!) as the pH decreased; this may
indicate that low pH aids in the formation of R — O — R’ bonds. Decreases in the N-H bond peak
(1000 cm~!) were more obvious and was only observed when the pH was 4. A large number of
R — O — R’ bonds (1250 cm ™! and 1084 cm~!) formed, which can further react to the form the wall.

Dramatic decreases in epoxy resin prominent peaks (780 cm~!, 1165 cm~!, 1301 em~! and
1579 cm~1-1175 cm~!) were observed, indicating a higher amount of epoxy was encapsulated in the
microcapsules. The prominent peaks of epoxy resin was more obvious when the pH was 4.

1.00
0.96
1165
{en
s 780
B 092-
€
I
[72]
S o088
S
= 1000
0.84 -
——pH2
1048  ——pH3
1250 oa
0.80 - + —/F } } } +
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Wavenumbers (cm™)

Figure 12. Infrared spectroscopy of microcapsules with different pH values.

Figure 13 shows that the absorption peak of residual hydroxyl groups (3340 cm~!) decreased
as the increasing amount of wall material. Weak absorption peaks of amido groups (1000 cm™!)
were observed only when the content of the core material was larger than the content of the wall
material. The numbers of hydroxyl and amido groups in the formaldehyde and urea reaction gradually
decreased as the amount of wall material increased. As the amount of wall material increased, epoxy
resins were sealed within the denser package, which stabilizing the chemical structure of capsule
surface. The number of characteristic peaks of epoxy resin at 780 cm ™!, 1165 cm~?, 1301 cm~! and
1579 cm~1-1775 cm~! also decreased. This indicated an increased encapsulation efficiency.
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Figure 13. Infrared spectroscopy of microcapsules with different core-wall ratios.

4. Self-Healing Efficiency of Cement-Based Material by Microcapsules Prepared

The microcapsules were prepared using the optimized parameters mentioned above as shown in
Figure 14a. In Figure 14b, microcapsules were prepared with a core-wall ratio of 1:1.25 for comparision.

The specimens incorporating the microcapsules prepared using optimized parameters show more
obvious healing efficiency in terms of strength restoration. The maximum flexural strength restoration
was seen at approximately 1.8 for 4 wt % of microcapsules and pre-damage of 30%fmax. The strength
restoration becomes much less for 1 wt % and 2% wt of microcapsules as 0.8 and 1.0, respectively when
the specimens were preloaded by 30%fmax.

Concerning the effects of pre-damage on the strength restoration rate, the flexural strength of the
specimens for different microcapsule contents were generally high at 30%fmax. This is due to that the
cracks or damages are large in size, which results in incomplete healing of cracks by the adhesive that
is limited avalible in the system. Under pre-damages of 60%fmax and 80%fmax, the strength restoration
rate was slightly higher at 1 wt % or 2 wt % microcapsule content. The flexural strength restoration rate
decreased with the degree of pre-damage for the blank specimens. This indicates that the increased
damage compromised the remaining load resistance of the specimens.

The strength restoration of the sample with 1 wt % of microcapsules was more obvious than that
of 2 wt % and 4 wt %. Concerning the effect of pre-damage on the strength restoration rate, 30%fmax
led to the best strength recovery for the microcapsules prepared in optimized parameters since it
passed a critical combination of a high enough stress to active cracks healing but not too high to induce
extra cracks that cannot be healed by the limited available adhesive. The one with a core-wall ratio of
1:1.25 does not show a clear trend of the strength recovery with an increase of load applied.

2.4 24
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Normalized Strength
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T

0 1 2

0 1 2 4
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Figure 14. Flexural strength restoration rate of specimen with different content of microcapsules
prepared: (a) in optimized parameters; (b) with a core-wall ratio of 1:1.25.
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Figure 15a,b show a residual microcapsule shell of a ruptured microcapsule with 1:1 and 1:1.25 of
the core-wall ratio, respectively. The shell thicknesses of the two types of microcapsules were measured
using SEM as shown in Figure 16. When the core-wallratio was 1:1, the shell thickness ranged from
1.1~1.3 um. As the content of the shell material increased, resin particle more rapidly formed, which
depositing more microcapsule particles on the surface. In this way, the size of the microcapsule and
the shell thickness increased to 2.4 um. The shell thickness of the microcapsule has a significant effect
on the stability and cohesiveness, particularly on the mechanical properties of the microcapsules.
If the microcapsule shell is too thin, the capsules can be easily damaged during the storing process or
mixing of the paste specimens, which results in the premature release of healing agent. However, if the
shell is too thick, the microcapsules are unable to be ruptured by internal stresses in the cement paste
to achieve cracks healing. For example, for microcapsules prepared with a core-wall ratio of 1:1.25,
the excessive amount of shell material resulted in a more rapid deposition of resin particles on the
shell surface. This in turn resulted in increases in the size of the microcapsule and the shell thickness.
As a result, the microcapsule could not be ruptured by internal stresses, which may lead to failure of
cracks healing.

364
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Figure 15. Residual microcapsule shell after outflow of healing agent: (a) core-wall ratio 1:1;
(b) core-wall ratio 1:1.25.
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(b)

Figure 16. Measurement of microcapsule shell by SEM: (a) core-wall ratio 1:1; (b) core-wall ratio 1:1.25.

5. Conclusions

The microcapsules for self-healing of cementitious materials were prepared by an in situ method
using malmine urea-formaldehyde as a shell and epoxy resin as an adhesive. The properties of the
microcapsules prepared in a variety of synthesis conditions were characterizede. The healing efficiency
of cement paste by the microcapsules prepared was evaluated in terms of the strength restoration as
well as the healing microstructure A few conclusions can be drawn as follow:

The four factores, reffering to stirring rate, pH value, core-wall ratio, reaction temperature, show
some influences on the microcapsules prepared. For the size distribution, the stirring rate and pH value
exhibited more significant effect as compared to the other two factors. For the mechanical property of
the shell, the elasticity modulus and hardness of shell improved with an increase of the proportion
of shell material used due to an improved encapsulation ability of the melamine urea-formaldehyde
resin . When the pH was relatively low, the three-dimensional structure was more solid and the
chemical structure was more stable the elastic modulus of the shell increased accordingly. An increase
in temperature was attributed to a higher degree of shell condensation polymerization and therefore
the enhanced mechanical properties. Higher stirring rates increased the amount of kinetic energy
available and benefited the formation of the microcapsules, which resulted in an increase of mechanical
indexes. Overall, these factors suggest an optimal synthesis scheme: mixing a core-wall ratio of 1:1
at an optimum reaction temperature of 60 °C while maintaining the pH at 2~3 at a stirring rate of
300400 r/min.

The healing strength of damaged cement samples containing the microcapsules prepared under
optimized conditions was much more obvious than the microcapsules prepared with a core-wall ratio
of 1:1.25. The strength restoration rate is closely related to the capsule dosage, level of pre-damage and
type of microcapsule used. For a common level of damage, the strength restoration rate ata 1 wt %
microcapsule dosage was the most. While for the effect of damage degree, the samples subjected
to 30% fmax pre-damage showed the best strength restoration rates. In conclusion, the final healing
efficiency depends on the combined effect of a high enough stress to active cracks healing but not too
high to induce extra cracks in big size that cannot be healed by the adhesive that is limited available in
the system.

Acknowledgments: The authors gratefully acknowledge the financial support provided by the National Natural
Science Foundation of China (51308407, 51478348, 51278360), the National Basic Research Program of China (973
Program: 2011CB013805), the National Key Project of Scientific and Technical Supporting Programs of China (No.
2014BALO03B02), the Opening Funds of State Key Laboratory of High Performance Civil Engineering Materials
(2014CEMO009), the Fundamental Research Funds for the Central Universities (2013KJ095).

Author Contributions: Wenting Li conceived, designed the experiments and wrote the paper; Xujing Zhu and
Nan Zhao performed the experiments and analyzed the data; Zhengwu Jiang contributed reagents and materials.
All authors read and approved the manuscript.



Materials 2016, 9, 152 15 0of 17

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Mehta, PK. Concrete technology for sustainable development. Concr. Int. 1999, 21, 47-53.

Pattanaik, S.C. Causes, Evaluation and Repair of Cracks in Concrete Structures. ACI Mater. ]. 2011, 81,
211-230.

Gerard, B.; Reinhardt, H.W.; Breysse, B. Measured transport in cracked concrete. In RILEM Report 1n0.16:
Penetration and Permeability of Concrete; Reinhardt, HW., Ed.; E&FN Spon: London, UK, 1997; pp. 265-324.
Picandet, V.; Khelidj, A.; Bellegou, H. Crack effects on gas and water permeability of concretes.
Cem. Concr. Res. 2009, 39, 537-547. [CrossRef]

White, S.R.; Sottos, N.R.; Moore, J.; Geubelle, P.; Kessler, M.; Brown, E.; Suresh, S.; Viswanathan, S. Autonomic
healing of polymers composites. Nature 2001, 409, 794-797. [CrossRef] [PubMed]

Diesendruck, C.E.; Sottos, N.R.; Moore, ].S.; White, S.R. Biomimetic self-healing. Angew. Chem. Int. Ed.
2015, 54, 10428-10447. [CrossRef] [PubMed]

Blaiszik, B.].; Kramer, S.L.B.; Olugebefola, S.C.; Moore, ].S.; Sottos, N.R.; White, S.R. Self-Healing polymers
and composites. Annu. Rev. Mater. Res. 2010, 40, 179-211. [CrossRef]

Thakur, VK.; Kessler, M.R. Self-healing polymer nanocomposite materials: A review. Polymer 2015, 69,
369-383. [CrossRef]

Dry, C.M. Matrix cracking repair and filling using active and passive modes for smart timed release of
chemicals from fibers into cement matrices. Smart Mater. Struct. 1994, 3, 118-123. [CrossRef]

Tittelboom, K.V.; Belie, N.D. Self-healing in cementitious materials—A review. Materials 2013, 6, 2182-2217.
[CrossRef]

Breugel, K.V. Is there a market for self-healing cement-based materials? In Proceedings of the 1st International
Conference on Self Healing Materials, Noordwijk aan Zee, The Netherlands, 18-20 April 2007.

Neville, A. Autogenous healing—A concrete miracle? Concr. Int. 2002, 24, 76-82.

Wu, M.; Johannesson, B.; Geiker, M. A review: Self-healing in cementitious materials and engineered
cementitious composite as a self-healing material. Constr. Build. Mater. 2012, 28, 571-583. [CrossRef]
Ghosh, S.K. Self-healing materials: Fundamentals, design strategies, and applications. In Self-healing
Materials: Fundamentals, Design Strategies, and Applications; Wiley-VCH: Weinheim, Germany, 2009; pp. 1-28.
Schlangen, E.; Sangadji, S. Addressing infrastructure durability and sustainability by self healing
mechanisms—Recent advances in self healing concrete and asphalt. Proc. Eng. 2013, 54, 39-57. [CrossRef]
Tang, W.; Kardani, O.; Cui, H. Robust evaluation of self-healing efficiency in cementitious
materials—A review. Constr. Build. Mater. 2015, 81, 233-247. [CrossRef]

Jonkers, H.M.; Thijssen, A.; Muyzer, G.; Copuroglu, O.; Schlangen, E. Application of bacteria as self-healing
agent for the development of sustainable concrete. Ecol. Eng. 2010, 36, 230-235. [CrossRef]

Jonkers, H.M. Self healing concrete: A biological approach. In Self Healing Materials: An Alternative Approach
to 20 Centuries of Materials Science; van der Zwaag, S., Ed.; Springer: Dordrecht, The Netherlands, 2007;
pp. 195-204.

Jonkers, H.M.; Schlangen, E. Towards a sustainable bacterially-mediated self healing concrete. In Proceedings
of the 2nd International Conference on Self Healing Materials, Chicago, IL, USA, 28 June-1 July 2009.

Van Tittelboom, K.; De Belie, N.; De Muynck, W.; Verstraete, W. Use of bacteria to repair cracks in concrete.
Cem. Concr. Res. 2010, 40, 157-166. [CrossRef]

De Muynck, W.; De Belie, N.; Verstraete, W. Microbial carbonate precipitation in construction materials:
A review. Ecol. Eng. 2010, 36, 118-136. [CrossRef]

Wang, J.; Van Tittelboom, K.; De Belie, N.; Verstraete, W. Use of silica gel or polyurethane immobilized
bacteria for self-healing concrete. Constr. Build. Mater. 2012, 26, 532-540. [CrossRef]

Li, V.C.; Herbert, E.N. Robust self-healing concrete for sustainable infrastructure. J. Adv. Concr. Technol.
2012, 10, 207-218. [CrossRef]

Huang, H.; Ye, G.; Damidot, D. Characterization and quantification of self-healing behaviors of microcracks
due to further hydration in cement paste. Cem. Concr. Res. 2013, 52, 71-81. [CrossRef]

Sahmaran, M.; Keskin, S.B.; Ozerkan, G.; Yaman, I.O. Self-healing of mechanically-loaded self consolidating
concretes with high volumes of fly ash. Cem. Concr. Compos. 2008, 30, 872-879. [CrossRef]


http://dx.doi.org/10.1016/j.cemconres.2009.03.009
http://dx.doi.org/10.1038/35057232
http://www.ncbi.nlm.nih.gov/pubmed/11236987
http://dx.doi.org/10.1002/anie.201500484
http://www.ncbi.nlm.nih.gov/pubmed/26216654
http://dx.doi.org/10.1146/annurev-matsci-070909-104532
http://dx.doi.org/10.1016/j.polymer.2015.04.086
http://dx.doi.org/10.1088/0964-1726/3/2/006
http://dx.doi.org/10.3390/ma6062182
http://dx.doi.org/10.1016/j.conbuildmat.2011.08.086
http://dx.doi.org/10.1016/j.proeng.2013.03.005
http://dx.doi.org/10.1016/j.conbuildmat.2015.02.054
http://dx.doi.org/10.1016/j.ecoleng.2008.12.036
http://dx.doi.org/10.1016/j.cemconres.2009.08.025
http://dx.doi.org/10.1016/j.ecoleng.2009.02.006
http://dx.doi.org/10.1016/j.conbuildmat.2011.06.054
http://dx.doi.org/10.3151/jact.10.207
http://dx.doi.org/10.1016/j.cemconres.2013.05.003
http://dx.doi.org/10.1016/j.cemconcomp.2008.07.001

Materials 2016, 9, 152 16 of 17

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Sahmaran, M.; Yildirim, G.; Erdem, T.K. Self-healing capability of cementitious composites incorporating
different supplementary cementitious materials. Cem. Concr. Compo. 2013, 35, 89-101. [CrossRef]

Hosoda, A.; Kishi, T.; Arita, H.; Takakuwa, Y. Self healing of crack and water permeability of expansive
concrete. In Proceedings of the 1st International Conference on Self Healing Materials, Noordwijk aan Zee,
The Netherlands, 18-20 April 2007.

Kishi, T.; Ahn, TH.; Hosoda, A.; Suzuki, S.; Takaoka, H. Self-healing behaviour by cementitious
recrystallization of cracked concrete incorporating expansive agent. In Proceedings of the 1st International
Conference on Self Healing Materials, Noordwijk aan Zee, The Netherlands, 18-20 April 2007.

Ahn, TH.; Kishi, T. Crack Self-healing Behavior of Cementitious Composites Incorporating Various Mineral
Admixtures. J. Adv. Concr. Technol. 2010, 8, 171-186. [CrossRef]

Granger, S.; Loukili, A.; Pjjaudier-Cabot, G.; Chanvillard, G. Experimental characterization of the self-healing
of cracks in an ultra high performance cementitious material: Mechanical tests and acoustic emission analysis.
Cem. Concr. Res. 2007, 37,519-527. [CrossRef]

Na, S.H.; Hama, Y.; Taniguchi, M.; Katsura, O.; Sagawa, T.; Zakaria, M. Experimental investigation on
reaction rate and self-healing ability in fly ash blended cement mixtures. J. Adv. Concr. Technol. 2012, 10,
240-253. [CrossRef]

Sisomphon, K.; Copuroglu, O.; Koenders, E.A.B. Self-healing of surface cracks in mortars with expansive
additive and crystalline additive. Cem. Concr. Compos. 2012, 34, 566-574. [CrossRef]

Yang, Z.; Hollar, J.; He, X.; Shi, X. Laboratory assessment of a self-healing cementitious composite. J. Transp.
Res. Board 2010, 13, 9-17. [CrossRef]

Yang, Z.; Hollar, J.; He, X.; Shi, X. A self-healing cementitious composite using oil core/silica gel shell
microcapsules. Cem. Concr. Compos. 2011, 33, 506-512. [CrossRef]

Feng, X.; Ni, Z.; Han, N.; Dong, B.; Du, X.;; Huang, Z.; Zhang, M. Self-healing mechanism of a novel
cementitious composite using microcapsules. In Proceedings of the 1st International Conference on
Durability of Concrete Structures, Hangzhou, China, 26-27 November 2008.

Kaltzakorta, I; Erkizia, E. Silica microcapsules encapsulating epoxy compounds for self-healing cementitious
materials. In Proceedings of the 3rd International Conference on Self Healing Materials, Bath, UK, 27-29
June 2011.

Behzadnasab, M.; Esfandeh, M.; Mirabedini, S.M.; Zohuriaan-Mehr, M.].; Farnood, R.R. Preparation and
characterization of linseed oil-filled urea—formaldehyde microcapsules and their effect on mechanical
properties of an epoxy-based coating. Colloid. Surface. A. 2014, 457, 16-26. [CrossRef]

Blaiszik, B.J.; Caruso, M.M.; Mcilroy, D.A.; Moore, ].S.; White, S.R.; Sottos, N.R. Microcapsules filled with
reactive solutions for self-healing materials. Polymer 2009, 50, 990-997. [CrossRef]

Jin, H.; Mangun, C.L.; Stradley, D.S.; Moore, ].S.; Sottos, N.R.; White, S.R. Self-healing thermoset using
encapsulated epoxy-amine healing chemistry. Polymer 2012, 53, 581-587. [CrossRef]

Jin, H.; Mangun, C.L.; Griffin, A.S.; Moore, ].S.; Sottos, N.R.; White, S.R. Thermally stable autonomic healing
in epoxy using a dual-microcapsule system. Adv. Mater. 2014, 26, 282-287. [CrossRef] [PubMed]

Tripathi, M.; Rahamtullah; Kumar, D.; Rajagopal, C.; Kumar Roy, P. Influence of microcapsule shell material
on the mechanical behavior of epoxy composites for self-healing applications. J. Appl. Polym. Sci. 2014, 131,
338-347. [CrossRef]

Yuan, L.; Gu, A,; Liang, G. Preparation and properties of poly (urea—formaldehyde) microcapsules filled
with epoxy resins. Mater. Chem. Phys. 2008, 110, 417-425. [CrossRef]

Nishiwaki, T. Fundamental study on development of intelligent concrete with self-healing capability.
Master Thesis, Tohoku University, Sendai, Japan, 1997.

Huang, H.; Ye, G. Application of sodium silicate solution as self-healing agent in cementitious materials.
In Proceedings of the International RILEM Conference on Advances in Construction Materials through
Science and Engineering, Hong Kong, China, 31 October 2011.

Pelletier, M.; Brown, R.; Shukla, A.; Bose, A. Self-healing Concrete with a Microencapsulated Healing Agent.
Available online: http:/ /energetics.chm.uri.edu/system/files/Self%20healing%20concrete%20-7-11/pdf
(accessed on 17 May 2013).

Alansari, M.; Hassan, M.M.; Asadji, S.; Mostavi, E. Evaluation of self-healing mechanisms in concrete with
double-walled sodium silicate microcapsules. J. Mater. Civil. Eng. 2015, 27, 4015-4035.

Flinn, J.E.; Nack, H. Advances in microencapsulation techniques. Battelle Tech. Rev. 1967, 16, 2-8.


http://dx.doi.org/10.1016/j.cemconcomp.2012.08.013
http://dx.doi.org/10.3151/jact.8.171
http://dx.doi.org/10.1016/j.cemconres.2006.12.005
http://dx.doi.org/10.3151/jact.10.240
http://dx.doi.org/10.1016/j.cemconcomp.2012.01.005
http://dx.doi.org/10.3141/2142-02
http://dx.doi.org/10.1016/j.cemconcomp.2011.01.010
http://dx.doi.org/10.1016/j.colsurfa.2014.05.033
http://dx.doi.org/10.1016/j.polymer.2008.12.040
http://dx.doi.org/10.1016/j.polymer.2011.12.005
http://dx.doi.org/10.1002/adma.201303179
http://www.ncbi.nlm.nih.gov/pubmed/24105814
http://dx.doi.org/10.1002/app.40572
http://dx.doi.org/10.1016/j.matchemphys.2008.02.035

Materials 2016, 9, 152 17 of 17

48.

49.

50.

51.

52.

James Gilford, B.S., III. Microencapsulation of Self-healing Concrete Properties. Master thesis, Texas A&M
University, State of Texas, College Station, TX, USA, 2012.

Oliver, W.C,; Pharr, G.M. An improved technique for determining hardness and elastic modulus using load
and displacement sensing indentation experiments. J. Mater. Res. 1992, 7, 1564-1583. [CrossRef]

Ahangari, M.G.; Fereidoon, A.; Jahanshahi, M.; Sharifi, N. Effect of nanoparticles on the micromechanical
and surface properties of poly(urea—formaldehyde) composite microcapsules. Composites: Part B 2014, 56,
450-455. [CrossRef]

Sorelli, L.; Constantinides, G.; Ulm, FJ.; Toutlemonde, F. The nano-mechanical signature of ultra high
performance concrete by statistical nanoindentation techniques. Cem. Concr. Res. 2008, 38, 1447-1456.
[CrossRef]

Zhang, M. A. Study on Microcapsule Based Self-healing Method and Mechanism for Cemetitious Composites.
PhD Thesis, Changsha ZhongNan University, Changsha, China, 2013.

® © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1557/JMR.1992.1564
http://dx.doi.org/10.1016/j.compositesb.2013.08.071
http://dx.doi.org/10.1016/j.cemconres.2008.09.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Experiments 
	Materials 
	Preparation of Microcapsules 
	Test Procedure 
	Morphology 
	Shell Thickness Measurement 
	Size Distribution 
	Mechanical Properties of the Shell 
	Chemical Structure of the Shell 
	Strength Restoration of Self-Healing Specimens 


	Results and Discussion 
	Morphology 
	Particle Size and Distribution 
	Mechanical Properties of Microcapsules 
	Chemical Structure of the Capsule Wall 

	Self-Healing Efficiency of Cement-Based Material by Microcapsules Prepared 
	Conclusions 

