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Abstract: Cement-based materials are susceptible to internal cracks during service, leading to a re-
duction in their durability. Microcapsules can effectively self-repair cracks in cement-based materials.
In this study, novel electromagnetic-induced rupture microcapsules (DWMs) were prepared by using
the melt dispersion method with Fe3O4 nano-particles/polyethylene wax as the shell and epoxy
resin as the repairing agent. The core fraction, compactness, particle size distribution, morphology,
and chemical structure of DWMs were characterized. DWMs were subsequently incorporated into
the mortar to measure the pore size distribution, compressive strength recovery, and maximum
amplitudes of the pre-damaged mortar after self-repairing. DWMs were also evaluated for their
ability to self-repair cracks on mortar surfaces. The results showed that the core fraction, remaining
weight (30 days), and mean size of DWMs were 72.5%, 97.6 g, and 220 µm, respectively. SEM showed
that the DWMs were regular spherical with a rough surface and could form a good bond with
cement matrix. FTIR indicated that the epoxy resin was successfully encapsulated in the Fe3O4

nano-particles/polyethylene wax. After 15 days of self-repairing, the harmful pore ratio, compressive
strength recovery, and maximum amplitude of the pre-damaged mortars were 48.97%, 91.9%, and
24.03 mV, respectively. The mortar with an initial crack width of 0.4–0.5 mm was self-repaired within
7 days. This indicated that the incorporation of DWMs can improve the self-repair ability of the
mortar. This work is expected to provide new insights to address the mechanism of microcapsule
rupture in self-repairing cement-based materials.

Keywords: self-repairing; electromagnetic-induced rupture microcapsules; Fe3O4 nano-particles;
cracks; ultrasonic testing

1. Introduction

Concrete is the second most consumed substance in the world after water [1]. It can be
found almost anywhere in human existence. However, due to their brittle characteristics,
concrete structures are prone to damage, especially cracks, under the influence of harsh
environments, external loads, or fire [2–5]. The appearance and expansion of cracks can
have a negative impact on the mechanical properties and durability of cement-based
materials [6]. Therefore, inspection and maintenance have become an important part of
concrete structures [7,8]. However, long-term maintenance is very difficult due to the large
amount of labor and financial support required [9,10]. Also, internal cracks in the concrete
are not easily inspected and repaired in a timely manner [11]. Therefore, the research of
self-repairing materials for cracks in cement-based materials has attracted considerable
attention [12–14].
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In numerous studies, the self-repairing of cracks is illustrated as a complex com-
bination of physical and chemical reactions [15–17]. There are several reasons for this
phenomenon, such as the formation of calcium carbonate [18], impurities in the water [19],
the further hydration of cement particles, and the expansion of hydration products [20]. In
addition, mineral admixtures [21], microorganisms [22], shape memory alloys [23], and mi-
crocapsules [24] can also accelerate the self-repairing process when added to cement-based
materials. Compared with other self-repairing methods, microcapsules have the advantages
of high environmental adaptability and fast repairing speed, which are suitable attributes
for application [25,26].

The microcapsule self-repairing method was first proposed by White in 2001 [27]. Mi-
crocapsules contain a core material (repairing agent) that is encapsulated in a shell material
that will rupture due to stress concentration when a crack occurs and expands. Due to
the capillary action, the repairing agent is released and flows into the crack. Solidification
then occurs upon contact with the curing agent to repair the crack and prevent further
expansion. Litina [28] prepared microcapsules using gelatin and gum Arabic cross-linked
to form a shell encapsulated with mineral oil and liquid sodium silicate solution, which
can effectively improve the mechanical properties of mortars. Han [29] prepared micro-
capsules using urea—formaldehyde resin coated with epoxy resin, and the results showed
that incorporating the microcapsules into cement-based materials substantially improved
their permeability. However, microcapsules are difficult to rupture in time due to the
high mechanical strength of the thermoset polymer shell [30]. To solve this problem,
we used microcrystalline wax to encapsulate epoxy resin to prepare microcapsules in
our previous experiments [31]. The results showed that these microcapsules have good
self-repairing ability for the mechanical properties and surface cracks of cement-based
materials. However, the mechanical properties of these microcapsule shell materials are
relatively low and there is a high risk of rupture during the concrete mixing process. In
order to improve the strength of microcapsules, some researchers have synthesized the
shell materials by adding nanomaterials. Yang [32] added nano-CaCO3 particles into
melamine—formaldehyde resin as shell material to coat aromatic oil rejuvenating agent.
Du [33] applied a nano-CaCO3/ceresin wax composite shell containing epoxy resin to
prepare the microcapsules.

However, the microcapsules are not always located at the tip of the crack. When cracks
appear inside the cement-based materials, the microcapsules may not rupture if they are
not at the tip of the crack, so the crack cannot be repaired. To solve this problem, new
microcapsule rupture trigger mechanisms need to be developed. Yang [34] demonstrated
that self-repairing of electrical damage in thermoplastic polymers using superparamagnetic
nanoparticles under the stimulation of an external oscillating magnetic field can lead to
appropriate repair results. Hu [35] prepared a magnetically sensitive microcapsule using
Fe3O4/polyallylamine polyelectrolyte for constructing a shell in drug delivery. The above
studies provide the idea of adding magnetic nanomaterials to the shell material to prepare
microcapsules that can be stimulated by electromagnetic fields that cause the shell to melt
and rupture due to increased temperature.

This paper aims to improve the self-repairing ability of microcapsules for mortars.
Electromagnetic-induced rupture microcapsule (DWMs) with Fe3O4 nano-particles and
polyethylene wax as the shell, and epoxy resin as the repairing agent, were prepared
using a melt dispersion method. The core fraction, compactness, particle size distribution,
morphology, and chemical structure of the DWMs were characterized. The DWMs were
subsequently incorporated into the mortar, and the pore size distribution, compressive
strength recovery, and maximum amplitude of the pre-damaged mortars after self-repairing
were measured. The self-repairing ability of DWMs on mortar surface cracks was evaluated.
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2. Materials and Methods
2.1. Materials

Polyethylene wax (melting point: 110 ◦C) was obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). The Fe3O4 nano-particles (particle size: 50 nm)
was supplied from Nangong Xindun alloy welding material spraying Co., Ltd. (Xingtai,
China). Epoxy resin, 2-ethyl-4-methylimidazole and N, N-dimethylformamide (DMF) were
purchased from Chengdu Micxy Chemical Co., Ltd. (Chengdu, China) Perfluorotributy-
lamine was provided by Beijing Letai Chemical Reagent Co., Ltd. (Beijing, China) Ordinary
Portland cement (CEMI 42.5N) was bought from Huaxin Cement Co., Ltd. Sand (modulus:
2.35) was applied by Ningbo Pulunxiang building materials Co., Ltd (Ningbo, China).

2.2. Preparation of Microcapsules

The microcapsules were prepared using the melt dispersion method, which is a physi-
cal method with a simple process, high preparation efficiency, and no chemical reactions
during the preparation [33]. At first, the raw materials for shells (1. polyethylene wax;
2. Fe3O4 nano-particles/polyethylene wax) were melted and dispersed in a three-neck flask
using an oil bath. Then the epoxy resin diluted with N, N-dimethylformamide (DMF) was
added to the mixture of the shell with continuous heating and stirring, where the amount
of DMF was 15% of the weight of epoxy resin. Next, perfluorotributylamine (coolant) was
poured into the mixture so that the temperature of the mixture was rapidly reduced to
below the melting point of polyethylene wax to obtain the microcapsule suspension. The
suspension was poured into a beaker and shaken with ultrasound for 30 min. Finally, the
microcapsules were filtered to obtain the finished products. The preparation parameters of
the microcapsules are indicated in Table 1. Figure 1 describes the preparation procedure of
the microcapsules (DWMs).

Table 1. Preparation parameters of microcapsules.

Microcapsule Shell Material Using by Mass Ratio Heating Temperature Stirring Rate Core Material Using by Mass Ratio

SWMs Polyethylene Wax, 40 125 ◦C 900 rpm epoxy resin, 60

DWMs Polyethylene Wax, 35; Fe3O4
nano-particles, 5 125 ◦C 900 rpm epoxy resin, 60
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2.3. Preparation of Mortars

The mix designs of mortars were shown in Table 2. First, cement, sand, and microcapsules
were mixed in a mortar mixer for 1 min, then water and 2-ethyl-4-methylimidazole were
added to the mortar mixer and mixing was continued for 2 min. 2-ethyl-4-methylimidazole
was added at 20% of the weight of the diluted epoxy resin. Prismatic samples with casting
dimensions of 40mm × 40mm × 160mm were used for mechanical property testing [31].
Finally, the mortars were demolded and placed in a standard curing room (20 ± 2 ◦C,
95%RH) for 28 days. The microcapsules used for mortar preparation were left in air for
more than 30 days.
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Table 2. Mix designs of the mortars by the mass ratio.

Mortars Cement Sand Water Microcapsules

SJ-0 100 50 300 0
SJ-1 100 50 300 3 (SWMs)
SJ-2 100 50 300 3 (DWMs)

2.4. Measurement and Characterization
2.4.1. Core Fraction

To measure the core fraction of the microcapsules, some microcapsules were randomly
selected and weighed. These microcapsules were then ground to allow all of the epoxy
resin to flow out, filter, and dry, and the remaining residue was then weighed [36]. The core
fraction of the microcapsules was measured through Equation (1).

τ =
τ1 − τ2

τ1
× 100% (1)

where τ is the microcapsule core fraction (%), τ1 is the initial weight of microcapsules (g),
and τ2 is the weight of residue (g).

2.4.2. Compactness of Microcapsules

At first, 100 g of microcapsules were weighed. These microcapsules were then moved
to a box (20 ± 2 ◦C, 50% RH) for storage. The compactness of the microcapsules was
assessed by weighing the remaining weight of the microcapsules after 1, 2, 3, 4, 5, 6, 7, 15,
and 30 days, respectively.

2.4.3. Size Distributions

The mean size and size distribution of the microcapsules were determined using a
laser particle size analyzer (Mastersizer 2000, Malvern Instruments Ltd., Malvern, England).
Before the test, the microcapsules were placed in a drying box at 40 ◦C for 24 h. Then, 1 g
microcapsules were dispersed by 50 mL deionized water in the analysis box. During the
laser diffraction measurement, the particles were passed through a focused laser beam.
These particles scatter light at an angle that was inversely proportional to their sizes.
The angular intensity of the scattered light was measured via a series of photosensitive
detectors. The size distribution of the after-sieving microcapsules was determined from the
OM images of the microcapsules using a commercial dimensional measurement software.

2.4.4. Morphology

The morphologies of the microcapsules were observed using scanning electron mi-
croscopy (SEM) (Hitachi S-4800, Tokyo, Japan). Before their observation, the microcapsules
were spread uniformly on conductive adhesive tape and a thin layer of gold was sputtered
on their surface. The SEM images were taken at a magnification of 200×.

2.4.5. Fourier Transform Infrared Spectroscopy (FTIR)

A Fourier transform infrared spectrometer (Nexus, Thermo Nicolet Corporation,
Madison, WI, USA) was used to characterize microcapsules. The Fe3O4 nano-particles,
polyethylene wax, and microcapsules with KBr were compressed into slices after being
mixed and ground, which were then measured through the FTIR. The epoxy resin and
DMF were tested after it was brushed on the KBr tablets. With a resolution for 4 cm−1, the
FTIR spectra were recorded within the range of 400–4000 cm−1 in absorption mode.

2.4.6. Self-Repairing of Pre-Damaged Mortars

After 28 days of standard curing, the flexural and compressive strengths of the mortars
were measured, which were expressed by f1 and f2, respectively. Take three samples from
each group to calculate the average flexural strength, and take six samples for mortars
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compressive strength test. In order to obtain pre-damaged mortar samples, the mortar
was pre-loaded to 60% f2. After that, SJ-0 and SJ-1 were placed at room temperature for
3, 9, and 15 days. SJ-2 was heated under an electromagnetic field (Figure 2) for 45 min
with a heating interval of 30 s, and then left at room temperature for 3, 9, and 15 days.
Where the distance between the heating coil and the upper surface of SJ-2 is 0.5 cm, the
frequency of the electromagnetic induction heater is 124 kHz, and the output voltage
of the electromagnetic induction heating equipment is 600 V. Finally, the samples were
reloaded and the compressive strength recovery of the mortar was measured according to
Equation (2).

σ =
f2
′

f2
× 100% (2)

where σ is the compressive strength recovery of the mortar, f 2 is the initial compressive
strength of the mortar, and f 2

′ is the compressive strength of the mortar after self-repairing.
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2.4.7. Pore Size Distribution

The nuclear magnetic resonance (NMR) spectrometer (MesoMR25, Suzhou Newman
Analytical Instrument Co., Ltd., Suzhou, China) was used to measure pore size distribution
of the mortar. The measuring principle of pore size distribution by NMR technique is that
the water in the pore will resonate with the molecule under low power magnetic field, and
relaxation occurs during the process of energy exchange and release, and the relaxation
time can reflect the pore size. NMR is suitable for measuring a pore size distribution of
2 nm–1 mm, which has been applied to the study of the pore structure of the mortar. The
size of the mortar used for NMR test was 25 mm × 25 mm × 15 mm. Prior to the test, the
mortar sample was wiped to clean the surface powder and was vacuum-saturated with
water for 24 h and then stored in water for another week. The resonance frequency was
23.40 MHz, the temperature of the magnet was 32.00 ± 0.02 ◦C, and the instrument probe
diameter was 25 mm. The pore diameter was computed using Equation (3).

1
T2

= ρ(
S
V
)pore (3)

where T2 is the relaxation time of water in the pore (ms), ρ is the surface relaxation rate
(70 µm/ms), and (S/V)pore is the pore surface area to volume ratio.
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2.4.8. Ultrasonic Testing

The pore size distribution and mechanical properties have a great impact on the
quality of cement-based materials. If these properties do not meet the requirements and
thus lead to accidents, they can cause huge losses of people and property. At present, tests
of macroscopic mechanical properties and the microscopic pore size distribution of mortars
are carried out by destroying samples. However, in engineering, we need to evaluate the
service performance of buildings without damaging them, so the non-destructive testing
method represented by ultrasonic testing technology is particularly important.

A generator (AFG3022C, Tektronix Co., Ltd., Shanghai, China) was used to gen-
erate and transmit ultrasonic waves. An oscilloscope (MDO 3024, Tektronix Co., Ltd.,
Shanghai, China) was applied to receive and characterize the ultrasonic waves. The ultra-
sonic frequency was 107 kHz and the voltage was controlled at±5 V. The radial piezoelectric
ultrasonic transducer emitted ultrasonic waves when collecting the data. The standard
transducers were mounted on both sides of the sample and the coupling agent used was
petroleum jelly. During the test, the data and images were automatically connected to
a computer. Finally, the ultrasonic signal was converted from the time domain to the
frequency domain using the Fast Fourier Transform (FFT) function of the software [37].
Ultrasound can propagate in different media with highly repeatable waveforms and fre-
quencies when propagating at a steady state of energy. The mortars were tested before and
after 15 days of self-repairing.

2.4.9. Surface Cracks Self-Repairing

After 28 days of standard curing, the mortar was pre-cracked by the three-point
bending method (Figure 3). The crack widths of SJ-1 and SJ-2 before and after 1, 2, 3, 5, 7,
and 15 days of self-repairing in the laboratory or electromagnetic induction heating system
were measured by the crack tester (PES-30, Botte Instrument Co., Ltd., Lianyungang, China).
For surface cracks of mortars, it is the most intuitive method for obtaining crack images
directly and detecting them. The number of pixels included in the crack image before and
after the self-repairing of the cracked sample was calculated using image analysis software,
which is to say that the area of the crack with different self-repairing time, and the repairing
ratio of the crack area was calculated according to the Equation (4).

ηcrack =
A0−At

A0
×100% (4)

where ηcrack is the repairing ratio of the crack area (%); A0 is the number of initial crack
pixels, At is the number of crack pixels after self-repairing.
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3. Results and Discussion
3.1. Core Fraction

The core fractions of the polyethylene wax with an epoxy resin microcapsule (SWMs),
and Fe3O4 nano-particles/polyethylene wax with an epoxy resin microcapsule (DWMs),
are shown in Table 3. It was found that the core fractions of the SWMs and DWMs were
64.9% and 72.5%, respectively. This is because SWMs and DWMs have different viscosities
of the shell material. For SWMs, there is only one shell material, namely polyethylene wax,
which has a low viscosity and can be evenly dispersed after heating and melting. After
adding the coolant, the particle size of the SWMs is smaller, resulting in a small amount
of epoxy resin remaining outside the shell, and therefore the core fraction of SWMs is low.
The addition of Fe3O4 nano-particles to the polyethylene wax increased the viscosity of the
shell material mixture, decreased the dispersion of the material, reduced the solidification
time of the shell, and improved the ability of the shell material to encapsulate epoxy resin,
resulting in a higher core fraction of DWMs.

Table 3. Core fraction of SWMs and DWMs.

Microcapsule Core Content

SWMs 64.9%
DWMs 72.5%

3.2. Compactness

Figure 4 depicts the changes in the remaining weights of SWMs and DWMs after
placing them for different days. As can be seen from Figure 4, the remaining weights of the
SWMs and DWMs decreased significantly from the first day of preparation to the seventh
day, but then leveled off. After 15 days of placement, the remaining weights of the SWMs
and DWMs no longer changed. After 30 days, the remaining weight of the SWMs was
92.4 g, which was 7.6% lower than the initial value, while the remaining weight of the
DWMs was 97.6 g, which was only 2.4% lower than the initial value. This was because
the addition of Fe3O4 nano-particles to the polyethylene wax filled the micro-defects on
the surface of the DWMs (Fe3O4 nano-particles/polyethylene wax) shell and made the
structure more compact, thus improving its storage capacity for epoxy resin and reducing
its weight loss.
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3.3. Particle Size Distributions

Figure 5 shows the particle size distribution of the SWMs and DWMs. The particle
size distribution of the SWMs mainly ranges from 10 µm to 300 µm, and the mean size is
104 µm. The particle size distribution of the DWMs mainly ranges from 90 µm to 700 µm,
and the mean size is 220 µm. By comparing the two microcapsules, we can find that the
particle size of the SWMs is significantly smaller than that of DWMs. This is due to the
low viscosity of polyethylene wax, which can be evenly dispersed under heating and
stirring conditions. After adding the coolant, the solidification time of polyethylene wax
is short, and the SWMs can form small particle size rapidly under the action of shear
force. After the addition of Fe3O4 nano-particles, the viscosity of the DWMs shell material
mixture increases significantly, its dispersibility decreases accordingly, the required cooling
solidification time is prolonged, and the particle size of DWMs increases at a constant
stirring rate.

Materials 2022, 15, x FOR PEER REVIEW 8 of 21 
 

 

 
Figure 4. Remaining weight of SWMs and DWMs. 

3.3. Particle Size Distributions 
Figure 5 shows the particle size distribution of the SWMs and DWMs. The particle 

size distribution of the SWMs mainly ranges from 10 μm to 300 μm, and the mean size is 
104 μm. The particle size distribution of the DWMs mainly ranges from 90 μm to 700 μm, 
and the mean size is 220 μm. By comparing the two microcapsules, we can find that the 
particle size of the SWMs is significantly smaller than that of DWMs. This is due to the 
low viscosity of polyethylene wax, which can be evenly dispersed under heating and stir-
ring conditions. After adding the coolant, the solidification time of polyethylene wax is 
short, and the SWMs can form small particle size rapidly under the action of shear force. 
After the addition of Fe3O4 nano-particles, the viscosity of the DWMs shell material mix-
ture increases significantly, its dispersibility decreases accordingly, the required cooling 
solidification time is prolonged, and the particle size of DWMs increases at a constant 
stirring rate. 

 
Figure 5. Particle size distributions of SWMs and DWMs. 

3.4. Morphology 

Figure 5. Particle size distributions of SWMs and DWMs.

3.4. Morphology

The surface morphology of microcapsules is shown in Figure 6. As shown in Figure 6a,
the SWMs are regularly spherical with a particle size distribution between 85–120 µm. As
can be seen from Figure 6b, the surface of DWMs is rougher with a particle size of about
220 µm. This is because after mixing the Fe3O4 nano-particles with polyethylene wax, the
viscosity of the mixture (shell material) increases and the dispersibility decreases, resulting
in a larger particle size and a relatively rougher surface of the microcapsules. With the
increase of microcapsule particle size, more repairing agent can be stored to improve the
self-repairing effect at a later stage, and the rough surface of the microcapsules can be more
conducive to forming a suitable bond between their shell and cement matrix.
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3.5. FTIR Analysis

The FTIR spectra of Fe3O4 nano-particles, polyethylene wax, epoxy resin, DMF, and
DWMs are shown in Figure 7. The peaks at 2920 cm−1 and 2869 cm−1 are attributed to
the symmetric and asymmetric stretching vibrations of the –CH2– and –CH3 groups in the
polyethylene wax, respectively, while the absorption peaks at 1539 cm−1 and 1488 cm−1 are
due to the stretching vibration of aromatic C–C and the symmetric bending of dimethyl in
epoxy resin. The absorption peaks observed at 926 cm−1 and 831 cm−1 are the characteristic
absorption peaks of C–O and C–O–C in the ethylene oxide moiety, respectively. In addition,
the peak at 591 cm−1 is a characteristic absorption peak of Fe3O4 nano-particles, while
an absorption peak belonging to the characteristic peak of the amide I band is found
at 686 cm−1, indicating that a small amount of DMF is encapsulated in DWMs. The
characteristic peaks of Fe3O4 nano-particles, polyethylene wax, epoxy resin, and DMF can
be seen in the FTIR spectra of DWMs, which proves that the epoxy resin is successfully
encapsulated in the shell of polyethylene wax and Fe3O4 nano-particles.
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3.6. Pore Size Distribution

The initial pore size distributions of mortars are shown in Figure 8. Pores with
diameters greater than 0.1 µm in the mortar reduce its mechanical properties, and these
pores are called harmful pores [38]. The harmful pore ratios of SJ-0, SJ-1, and SJ-2 were
39.57%, 42.92%, and 45.41%, respectively. Compared to SJ-0, the harmful pore ratios of SJ-1
and SJ-2 increased by 3.35% and 5.84%, respectively. This may be due to the larger size of
the SWMs and DWMs, which increases the internal pore size of the mortar and reduces the
compactness of the mortar, thus increasing the harmful pore ratio of the mortar [39].

Materials 2022, 15, x FOR PEER REVIEW 10 of 21 
 

 

at 686 cm−1, indicating that a small amount of DMF is encapsulated in DWMs. The char-
acteristic peaks of Fe3O4 nano-particles, polyethylene wax, epoxy resin, and DMF can be 
seen in the FTIR spectra of DWMs, which proves that the epoxy resin is successfully en-
capsulated in the shell of polyethylene wax and Fe3O4 nano-particles. 

 
Figure 7. FTIR spectra of Fe3O4 nano-particles, polyethylene wax, and epoxy resin, DMF and 
DWMs. 

3.6. Pore Size Distribution 
The initial pore size distributions of mortars are shown in Figure 8. Pores with diam-

eters greater than 0.1 μm in the mortar reduce its mechanical properties, and these pores 
are called harmful pores [38]. The harmful pore ratios of SJ-0, SJ-1, and SJ-2 were 39.57%, 
42.92%, and 45.41%, respectively. Compared to SJ-0, the harmful pore ratios of SJ-1 and 
SJ-2 increased by 3.35% and 5.84%, respectively. This may be due to the larger size of the 
SWMs and DWMs, which increases the internal pore size of the mortar and reduces the 
compactness of the mortar, thus increasing the harmful pore ratio of the mortar [39]. 

 
Figure 8. Pore size distribution of mortars. Figure 8. Pore size distribution of mortars.

Figure 9 shows that after 15 days of self-repairing, the harmful pore ratios of pre-
damaged SJ-0, SJ-1, and SJ-2 were 66.72%, 50.23%, and 48.97%, respectively. Compared
with the initial harmful pore ratio, the harmful pore ratios of SJ-0, SJ-1, and SJ-2 increased
by 27.15%, 7.31%, and 3.56%, respectively. The results showed that the harmful pore ratios
of SJ-1 and SJ-2 were significantly lower and close to the initial values after self-repairing



Materials 2022, 15, 3608 11 of 20

compared to SJ-0. This is because mortar produces internal cracks after pre-damage and the
cracks encounter microcapsules during expansion. The microcapsules are prone to rupture
under the crack tip stress, and the released epoxy resin (repairing agent) cures in contact
with 2-ethyl-4-methylimidazole (curing agent), and the generated repairing products are
used to fill the cracks, thus reducing the harmful pore ratios in the mortar. However, there
is no guarantee that microcapsules will be present in the crack extension track. If this occurs,
the microcapsules may not rupture, resulting in cracks that cannot repair. In contrast, SJ-2
is doped with DWMs, which are microcapsules with Fe3O4 nano-particles on the surface.
Fe3O4 nano-particles have excellent magnetic permeability, which helps to generate more
heat in the electromagnetic field to reduce hysteresis loss. In addition, Fe3O4 nano-particles
are a ferrimagnet that generates Joule heat due to eddy current loss. Under the action of the
applied electromagnetic field, the temperature of the shell material rises and melts, and the
epoxy resin encapsulated inside flows out to contact with 2-ethyl-4-methylimidazole and
reacts to fill the cracks, which enhances the self-repairing ability of the microcapsules to the
cracks and reduces the harmful pore ratios in the mortar. The curing process of epoxy resin
and 2-ethyl-4-methylimidazole is shown in Figure 10.
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3.7. Flexural Strength and Compressive Strength

The flexural strengths and compressive strengths of SJ-0, SJ-1, and SJ-2 are shown in
Table 4. The flexural strengths of SJ-0, SJ-1, and SJ-2 were 8.2 MPa, 7.9 MPa, and 7.5 MPa,
respectively. Compared with SJ-0, the flexural strengths of SJ-1 and SJ-2 were reduced by
3.7% and 8.5%, respectively. The compressive strengths of SJ-0, SJ-1, and SJ-2 were 33.4 MPa,
32.6 MPa, and 30.9 MPa, respectively. Compared to SJ-0, the compressive strengths of SJ-1
and SJ-2 decreased by 2.3% and 7.5%, respectively. This is due to the large difference in
Young’s modulus between the cement matrix and the shell of the microcapsule. When
microcapsules are added to the cement mortar, there will be gaps at the joints between the
microcapsules and the cement matrix, which will increase the pores in the matrix material
and reduce the stiffness, flexural strength, and compressive strength of the mortar [40]. In
addition, the addition of microcapsules to the mortar will also reduce the compactness
of the mortar during the molding process, and affect the particle gradation of the mortar,
thereby reducing the flexural strength and compressive strength of the mortar [41]. The
compressive strength of SJ-2 is relatively low because the particle size of DWMs is larger
than that of SWMs, which is consistent with the results of the pore size distribution tests in
Section 3.6.

Table 4. Flexural strength and compressive strength of mortars.

Mortars Flexural Strength Compressive Strength

SJ-0 8.2 MPa 33.4 MPa
SJ-1 7.9 MPa 32.6 MPa
SJ-2 7.5 MPa 30.9 MPa

3.8. Compressive Strength Recovery

The compressive strength recovery of the mortars is illustrated in Figure 11. The
compressive strength recovery of the SJ-0 was 50.1%, 50.3%, and 50.4% at 3, 9, and 15 days,
respectively. The results indicate that the inherent self-repairing ability of the cementitious
material cannot repair the pre-damaged SJ-0.
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In comparison, after 3 days of self-repairing, the compressive strength recovery of SJ-1
and SJ-2 were 58.6% and 75.6%, respectively. When the self-repairing time of SJ-1 and SJ-2
reached 15 days, their compressive strength recovery were 79.9% and 91.9%, respectively,
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indicating that the compressive strength recovery of SJ-1 and SJ-2 were significantly im-
proved. This is because SJ-1 develops internal cracks after being pre-damaged by 60% f2,
and these cracks will continue to extend over time. The extending stress of the cracks will
damage the shell of SWMs embedded in SJ-1, and the epoxy resin originally encapsulated
in the SWMs will flow out, contact, and react with 2-ethyl-4-methylimidazole, and the
generated repairing product will fill the cracks and recover the compressive strength of
SJ-1. However, the path of crack expansion in the mortar after pre-damage is relatively
random. If microcapsules are not encountered during crack expansion or if the number of
microcapsules is insufficient, the self-repairing ability of the mortar will be compromised.
Compared with SJ-1, SJ-2 showed higher recovery of compressive strength at day 3 and day
15, indicating that SJ-2 has faster self-repairing and better mechanical properties recovery.
This is due to the addition of DWMs (microcapsules with Fe3O4 nano-particles on the
surface) in SJ-2. Fe3O4 nano-particles have good magnetic permeability and generate heat
in response to external electromagnetic fields, causing the DWMs to rupture. The epoxy
resin flows out of the fractured DWMs, comes in contact with 2-ethyl-4-methylimidazole,
and reacts to fill the cracks. Compared with the SJ-1 (self-repairing at room temperature),
SJ-2 has a higher self-repairing temperature, which makes the reactant molecules (epoxy
resin and 2-ethyl-4-methylimidazole) more active and the intermolecular movement is
accelerated, thus increasing the curing reaction speed and enhancing the recovery of mortar
compressive strength through microcapsules.

3.9. Analysis of Ultrasonic Waveform

Figure 12 shows the ultrasonic waveforms of different mortars before and after
self-repairing. After 28 days of standard curing, the initial maximum amplitudes of SJ-0,
SJ-1 and SJ-2 were 28.75 mV, 27.02 mV and 26.21 mV, respectively (Figure 12a,c,e). Com-
pared with SJ-0, the maximum amplitudes of both SJ-1 and SJ-2 decreased slightly. This
is because the acoustic impedance of the mortar encountered during ultrasonic wave
propagation is much larger than that of air. When pores in the mortar are encountered,
the ultrasonic signal attenuates, resulting in a decrease in the amplitude of the received
signal [42]. The higher the mortar density, the fewer pores encountered during ultrasonic
wave propagation, the smaller the amplitude of signal attenuation, and the larger the wave
amplitude. According to Section 3.6, SJ-1 and SJ-2 have a higher ratio of harmful pores
compared to SJ-0, and thus their amplitudes are lower.

The maximum amplitudes of SJ-0, SJ-1 and SJ-2 after self-repairing were 18.02 mV,
22.15 mV, and 24.03 mV, respectively (Figure 12b,d,f). The results showed that the maximum
amplitude of SJ-0 was significantly lower than the initial value after 15 days of self-repairing,
while the maximum amplitude of SJ-1 and SJ-2 recovered significantly. This is due to the
fact that defects such as microcracks and macropores appear inside the mortar after being
subjected to external stress, and the presence of these defects leads to a weakening of the
ultrasonic signal during propagation and a decrease in the maximum amplitude received.
There are no microcapsules in SJ-0, and its internal structure cannot be recovered after
damage, so its maximum amplitude is minimal. For SJ-1, the SWMs fracture under the
stress of the crack tip and release the epoxy resin. The epoxy resin cures in contact with
2-ethyl-4-methylimidazole, which repairs the microcracks and macropores, leading to
an increase in the maximum amplitude of SJ-1. In the presence of an external magnetic
field, the shell of DWMs melts due to the increase in temperature, and the out-flowing
epoxy resin cures in contact with 2-ethyl-4-methylimidazole at high temperature, which
can recover the maximum amplitude of SJ-2 to a greater extent.
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waveform of self-repaired SJ-0, (c) initial ultrasonic waveform of SJ-1, (d) ultrasonic waveform of
self-repaired SJ-1, (e) initial ultrasonic waveform of SJ-2, (f) ultrasonic waveform of self-repaired SJ-2.

3.10. Parameters Analysis of Received Wave

In order to obtain clearer results and estimate the trend of ultrasonic waves, this
section uses the fast Fourier transform (FFT) method with Gaussian function to process
the ultrasonic wave shape of the mortar in Figure 12, and the obtained ultrasonic wave
frequencies are shown in Figure 13. The main frequency tested in this experiment is about
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107 kHz, and the peaks shown in the low frequency range are caused by the attenuation of
ultrasonic energy due to the presence of air in the mortar pores [43].
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frequency of SJ-0, (b) maximum amplitudes of the dominant frequency of self-repaired SJ-0, (c) initial
maximum amplitudes of the dominant frequency of SJ-1, (d) maximum amplitudes of the dominant
frequency of self-repaired SJ-1, (e) initial maximum amplitudes of the dominant frequency of SJ-2,
(f) maximum amplitudes of the dominant frequency of self-repaired SJ-2.

The maximum amplitudes of the main frequencies for SJ-0, SJ-1 and SJ-2 were 6.07 mV,
5.91 mV and 5.75 mV, respectively (Figure 13a,c,e). This is due to the fact that the addition
of SWMs and DWMs compared to SJ-0 slightly increased the internal pores of the mortar,
which weakened the signal of ultrasonic wave propagation inside the mortar and eventually
led to a decrease in the maximum amplitude of the main frequency. Compared with SWMs,
DWMs have a larger particle size and a more pronounced effect on the mortar particle
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gradation, so the maximum amplitude of the main frequency of SJ-2 is relatively small.
Figure 13b,d,f show that the maximum amplitudes of the main frequencies of SJ-0, SJ-1
and SJ-2 after self-repairing were 4.08 mV, 5.11 mV and 5.39 mV, respectively. The results
indicate that the main frequencies of SJ-1 and SJ-2 have recovered substantially, especially
the maximum amplitude of the main frequency of SJ-2 has been very close to the initial
value, which indicates that the microcapsules are able to self-repair the defects such as
microcracks and macropores inside the mortar. The results of FFT analysis are consistent
with the ultrasonic waveform analysis in Section 3.9.

3.11. Variation of Surface Cracks Repairing Ratio

The variation of the surface crack repairing ratios with time for SJ-1 and SJ-2 are shown
in Figure 14. The fitting results are displayed as Table 5. The fitted correlation coefficients
(R2) were all greater than 0.9, indicating that the linear equation can accurately describe
the self-repairing process of mortar surface cracks. From Figure 14a, it can be seen that the
surface crack in SJ-1 with a width less than 0.3 mm can self-repair within 5 days, while the
crack with a width more than 0.3 mm takes 15 days to completely self-repair. However, for
surface cracks with width less than 0.1 mm in SJ-2 (Figure 14b), the self-repairing time is
only 2 days in length, and surface cracks with width less than 0.3 mm can be completely
self-repaired within 3 days. When the initial width of the surface crack reaches 0.4–0.5 mm,
its self-repairing time is extended to 7 days. Comparing Figure 14a,b, it can be found that
the self-repairing time of surface cracks in SJ-2 is significantly shorter than that of SJ-1 for
the same initial width. This is because the shell material of DWMs added in SJ-2 contains
Fe3O4 nano-particles with good magnetic permeability, which can generate heat under the
action of external electromagnetic field and enable all microcapsules dispersed in the mortar
to rupture in time. In addition, as that heat causes the temperature in the mortar to increase,
it accelerates the reaction rate between the epoxy resin and 2-ethyl-4-methylimidazole,
which improves the self-repairing efficiency of cracks in the mortar. The crack repairing
ratio during the self-repairing process is counted, and the curve equation of the whole
process is obtained by software simulation, so that the self-repairing of surface cracks can
be predicted and monitored at any time, which is a good guideline for the engineering
application of the microcapsule self-repairing method.
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Table 5. Self-repair equations for surface cracks of all widths.

Mortars Widths Fitting Line R2

SJ-1

0–0.1 mm y = (98.26x2 + 198.6x + 99.52)/(x2 + 1.96x + 0.99) 0.9999
0.1–0.2 mm y = (99.22x2 + 190.9x + 91.67)/(x2 + 1.88x + 0.92) 0.9999
0.2–0.3 mm y = (84.73x2 + 315.4x + 218.6)/(x2 + 12.84x + 2.24) 0.9984
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Table 5. Cont.

Mortars Widths Fitting Line R2

0.3–0.4 mm y = (1463x2 + 497,500x + 457,700)/(x2 + 4386x + 5776) 0.9965
0.4–0.5 mm y = (191,800x2 + 1,028,000x + 939,000)/(x2 + 8521x + 13,530) 0.9901

SJ-2

0–0.1 mm y = (5722x + 5267)/(x2 + 55.16x + 52.77) 0.9945
0.1–0.2 mm y = (96.11x2 + 262.2x + 159.9)/(x2 + 2.524x + 1.604) 0.9913
0.2–0.3 mm y = (138,300x2 − 2,350,000x + 2,279,000)/(x2 + 20,640x + 22,840) 0.9913
0.3–0.4 mm y = (304,900x2 − 2,815,000x − 2,848,000)/(x2 − 22,230x − 28,920) 0.9861
0.4–0.5 mm y = (889x + 818.2)/(x2 + 6.463x + 9.078) 0.9945

3.12. Visual Crack Closure

In this experiment, cracks were pre-fabricated on the surfaces of SJ-0, SJ-1 and SJ-2 by
the three-point bending method, and their initial widths were measured. After 15 days
of self-repairing, the crack widths were measured again, and the test results are shown
in Figure 15. Observing Figure 15a,b, it can be seen that the width of SJ-0 with an initial
width of 0.1 mm did not change before and after self-repairing, which indicates that the
cementitious material cannot self-repair its surface cracks alone. However, the surface crack
with an initial width of 0.22 mm in SJ-1 (Figure 15c,d) and 0.47 mm in SJ-2 (Figure 15e,f) can
completely self-repair after 15 days. This indicates that the microcapsules can effectively
self-repair the cracks in the mortar, and SJ-2 can self-repair cracks wider than SJ-1, which is
consistent with Section 3.11.
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Figure 15. Surface cracks width of mortars. (a) SJ-0, (b) SJ-0 for 15 days self-repairing, (c) SJ-1,
(d) SJ-1 for 15 days self-repairing, (e) SJ-2, (f) SJ-2 for 15 days self-repairing.

4. Conclusions

In summary, new electromagnetic-induced rupture microcapsule (DWMs) of Fe3O4
nano-particles/polyethylene wax coated epoxy resin were successfully prepared by the
melt dispersion method in this paper. The core fraction, compactness, particle size distri-
bution, morphology, and chemical structure of the microcapsules were characterized. The
microcapsules were then mixed into the mortar and the self-repairing ability of the mortar
containing microcapsules was evaluated. The main conclusions are as follows:

(1) It is worth noting that the core fraction, compactness, and mean particle size of
DWMs were significantly higher compared to the polyethylene wax coated epoxy
resin microcapsules (SWMs), which contributed to the self-repairing ability of the
microcapsules. The core fraction, remaining weight (30 days), and mean size of DWMs
were 72.5%, 9.6 g and 220 µm, respectively.

(2) Scanning electron microscopy (SEM) showed that the DWMs were regular spheri-
cal with a rough surface, which can form a good bond with cement matrix. FTIR
indicated that the epoxy resin was successfully encapsulated in the Fe3O4 nano-
particles/polyethylene wax.

(3) After 15 days of self-repairing, the pre-damaged mortar showed 48.97%, 91.9%, and
24.03 mV of harmful pore ratio, compressive strength recovery, and maximum am-
plitude, respectively. Cracks with initial widths of 0.4–0.5 mm in the mortar were
self-repaired within 7 days. The results showed that the mortar containing DWMs
had excellent self-repairing ability.

(4) Based on the curve equations obtained from software simulations, the self-repairing of
surface cracks can be predicted and monitored to calculate the crack repair ratio during
the self-repairing process. This work is expected to provide new insights to address the
mechanism of microcapsule rupture in self-repairing cement-based materials.
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5. Jackiewicz-Rek, W.; Drzymała, T.; Kuś, A.; Tomaszewski, M. Durability of high performance concrete (HPC) subject to fire

temperature impact. Arch. Civ. Eng. 2016, 4, 73–93. [CrossRef]
6. Zhang, L.V.; Nehdi, M.L.; Sumeiman, A.R.; Allaf, M.M.; Gan, M.G.; Marani, A.; Tuyan, M. Crack self-healing in bio-green concrete.

Compos. Part. B Eng. 2021, 227, 109397. [CrossRef]
7. Hu, J.Y.; Zhang, S.S.; Chen, E.; Li, W.G. A review on corrosion detection and protection of existing reinforced concrete (RC) structures.

Constr. Build. Mater. 2022, 325, 126718. [CrossRef]
8. Du, W.; Lin, R.S.; Liu, Q.T. Investigation of isophorone diisocyanate microcapsules to improve self-healing properties and sulfate

resistance of concrete. Constr. Build. Mater. 2021, 300, 124438. [CrossRef]
9. Ahn, E.; Kim, H.; Park, B.; Shin, M. Long-term autogenous healing and re-healing performance in concrete: Evaluation using

air-coupled surface-wave method. Constr. Build. Mater. 2021, 307, 124939. [CrossRef]
10. Du, W.; Liu, Q.T.; Lin, R.S.; Yu, J.Y. Influence of external environment on self-repairing ability of the cement-based materials

containing paraffin/toluene-di-isocyanate microcapsules. Constr. Build. Mater. 2021, 281, 122584. [CrossRef]
11. Long, W.J.; Gu, Y.; Liao, J.; Xing, F. Sustainable Design and ecological evaluation of low binder self-compacting concrete. J. Clean.

Prod. 2017, 167, 317–325. [CrossRef]
12. Yang, S.; Aldakheel, F.; Caggiano, A.; Wriggers, P.; Koenders, E. A Review on Cementitious Self-Healing and the Potential of

Phase-Field Methods for Modeling Crack-Closing and Fracture Recovery. Materials 2020, 13, 5265. [CrossRef]
13. Ziegler, F.; Masuero, A.B.; Pagnussat, D.T.; Dal Molin, D.C.C. Evaluation of internal and superfificial self-healing of cracks in

concrete with crystalline admixtures. Materials 2020, 13, 4947. [CrossRef] [PubMed]
14. Zheng, T.W.; Su, Y.L.; Qian, C.X.; Zhou, H.Y. Low alkali sulpho-aluminate cement encapsulated microbial spores for self-healing

cement-based materials. Biochem. Eng. J. 2020, 163, 107756. [CrossRef]
15. Zheng, T.W.; Su, Y.L.; Zhang, X.; Zhou, H.Y.; Qian, C.X. Effect and mechanism of encapsulation-based spores on self-healing

concrete at difffferent curing ages. ACS Appl. Mater. Inter. 2020, 12, 52415–52432. [CrossRef]
16. Van Tittelboom, K.; De Belie, N.; De Muynck, W.; Verstraete, W. Use of bacteria to repair cracks in concrete. Cement. Concrete. Res.

2010, 40, 157–166. [CrossRef]
17. Van Tittelboom, K.; De Belie, N. Self-healing in cementitious materials—A review. Materials 2013, 6, 2182–2217. [CrossRef]
18. Sisomphon, K.; Copuroglu, O.; Koenders, E.A.B. Self-repairing of surface cracks in mortars with expansive additive and crystalline additive.

Cement. Concrete. Comp. 2012, 34, 566–574. [CrossRef]
19. Roig-Flores, M.; Pirritano, F.; Serna, P.; Ferrara, L. Effect of crystalline admixtures on the self-healing capability of early-age

concrete studied by means of permeability and crack closing tests. Constr. Build. Mater. 2016, 114, 447–457. [CrossRef]
20. 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]
21. Roig-Flores, M.; Moscato, S.; Serna, P.; Ferrara, L. Self-healing capability of concrete with crystalline admixtures in different environments.

Constr. Build. Mater. 2015, 86, 1–11. [CrossRef]
22. Zheng, T.W.; Qian, C.X. Self-healing of later-age cracks in cement-based materials by encapsulation-based bacteria. J. Mater. Civ.

Eng. 2020, 32, 04020341. [CrossRef]
23. Zareie, S.; Issa, A.S.; Seethaler, R.J.; Zabihollah, A. Recent advances in the applications of shape memory alloys in civil infrastruc-

tures: A review. Structures 2020, 27, 1535–1550. [CrossRef]
24. Li, W.T.; Jiang, Z.W.; Yu, Q.Q. Multiple damaging and self-healing properties of cement paste incorporating microcapsules. Constr.

Build. Mater. 2020, 255, 119302. [CrossRef]
25. De Belie, N.; Gruyaert, E.; Al-Tabbaa, A.; Antonaci, P.; Baera, C.; Bajare, D.; Darquennes, A.; Davies, R.; Ferrara, L.;

Jefferson, T.; et al. A Review of Self-Healing Concrete for Damage Management of Structures. Adv. Mater. Interfaces 2018,
5, 1800074. [CrossRef]

26. Shu, B.A.; Wu, S.P.; Dong, L.J.; Norambuena-Contreras, J.; Li, Y.Y.; Li, C.; Yang, X.; Liu, Q.T.; Wang, Q.; Wang, F.; et al. Self-healing
capability of asphalt mixture containing polymeric composite fibers under acid and saline-alkali water solutions. J. Clean. Prod.
2020, 268, 122387. [CrossRef]

http://doi.org/10.1016/j.conbuildmat.2020.119664
http://doi.org/10.1016/j.rser.2021.110823
http://doi.org/10.1016/j.conbuildmat.2021.124087
http://doi.org/10.3846/jcem.2018.457
http://doi.org/10.1515/ace-2015-0109
http://doi.org/10.1016/j.compositesb.2021.109397
http://doi.org/10.1016/j.conbuildmat.2022.126718
http://doi.org/10.1016/j.conbuildmat.2021.124438
http://doi.org/10.1016/j.conbuildmat.2021.124939
http://doi.org/10.1016/j.conbuildmat.2021.122584
http://doi.org/10.1016/j.jclepro.2017.08.192
http://doi.org/10.3390/ma13225265
http://doi.org/10.3390/ma13214947
http://www.ncbi.nlm.nih.gov/pubmed/33158072
http://doi.org/10.1016/j.bej.2020.107756
http://doi.org/10.1021/acsami.0c16343
http://doi.org/10.1016/j.cemconres.2009.08.025
http://doi.org/10.3390/ma6062182
http://doi.org/10.1016/j.cemconcomp.2012.01.005
http://doi.org/10.1016/j.conbuildmat.2016.03.196
http://doi.org/10.1016/j.conbuildmat.2011.08.086
http://doi.org/10.1016/j.conbuildmat.2015.03.091
http://doi.org/10.1061/(ASCE)MT.1943-5533.0003437
http://doi.org/10.1016/j.istruc.2020.05.058
http://doi.org/10.1016/j.conbuildmat.2020.119302
http://doi.org/10.1002/admi.201800074
http://doi.org/10.1016/j.jclepro.2020.122387


Materials 2022, 15, 3608 20 of 20

27. White, S.R.; Sottos, N.R.; Geubelle, P.H.; Moore, J.S.; Kessler, M.R.; Sriram, S.R.; Brown, E.N.; Viswanathan, S. Autonomic healing
of polymer composites. Nature 2001, 409, 794–797. [CrossRef]

28. Litina, C.; Al-Tabbaa, A. First generation microcapsule-based self-healing cementitious construction repair materials. Constr.
Build. Mater. 2020, 255, 119389. [CrossRef]

29. Han, T.L.; Wang, X.F.; Li, D.W.; Li, D.F.; Xing, F.; Han, N.X. Impermeability characteristics of cementitious materials with
self-healing based on epoxy/urea-formaldehyde microcapsules using an immersion test. Constr. Build. Mater. 2020, 259, 119782.
[CrossRef]

30. Tripathi, M.; Rahamtullah; Kumar, D.; Rajagopal, C.; Roy, P.K. Influence of microcapsule shell material on the mechanical behavior
of epoxy composites for self-healing applications. J. Appl. Polym. Sci. 2014, 131, 40572. [CrossRef]

31. Du, W.; Liu, Q.T.; Lin, R.S.; Su, X. Preparation and characterization of microcrystalline wax/epoxy resin microcapsules for
self-healing of cementitious materials. Materials 2021, 14, 1725. [CrossRef] [PubMed]

32. Yang, P.; Han, S.; Su, J.F.; Wang, Y.Y.; Zhang, X.L.; Han, N.X.; Li, W. Design of self-healing microcapsules containing bituminous
rejuvenator with nano-CaCO3/organic composite shell: Mechanical properties, thermal stability, and compactability. Polym.
Compos. 2017, 39, 1441–1451. [CrossRef]

33. Du, W.; Li, E.W.; Lin, R.S. Preparation and characterization of nano-CaCO3/ceresine wax composite shell microcapsules
containing E-44 epoxy resin for self-healing of cement-based materials. Nanomaterials 2022, 12, 197. [CrossRef] [PubMed]

34. Yang, Y.; He, J.; Li, Q.; Gao, L.; Hu, J.; Zeng, R.; Qin, J.; Wang, S.X.; Wang, Q. Self-healing of electrical damage in polymers using
superparamagnetic nanoparticles. Nat. Nanotechnol. 2019, 14, 151. [CrossRef]

35. Hu, S.H.; Tsai, C.H.; Liao, C.F.; Liu, D.M.; Chen, S.Y. Controlled rupture of magnetic polyelectrolyte microcapsules for drug delivery.
Langmuir 2008, 24, 11811–11818. [CrossRef]

36. Su, J.F.; Schlangen, E. Synthesis and physicochemical properties of high compact microcapsules containing rejuvenator applied
in asphalt. Chem. Eng. J. 2012, 198–199, 289–300. [CrossRef]

37. Pang, B.; Zhou, Z.H.; Hou, P.K.; Du, P.; Zhang, L.N.; Xu, H.X. Autogenous and engineered healing mechanisms of carbonated
steel slag aggregate in concrete. Constr. Build. Mater. 2016, 107, 191–202. [CrossRef]

38. Wu, Z.W.; Lian, H.Z. High Performance Concrete; China Railway Publishing House: Beijing, China, 1999; pp. 24–25.
39. Du, W.; Liu, Q.T.; Lin, R.S. Effects of toluene-di-isocyanate microcapsules on the frost resistance and self-repairing capability of

concrete under freeze-thaw cycles. J. Build. Eng. 2021, 44, 102880. [CrossRef]
40. Sotiriadis, K.; Mácová, P.; Mazur, A.S.; Viani, A.; Tolstoy, P.M. Long-term thaumasite sulfate attack on portland-limestone cement

concrete: A multi-technique analytical approach for assessing phase assemblage. Cement. Concrete. Res. 2020, 130, 105995.
[CrossRef]

41. Wang, X.F.; Xing, F.; Zhang, M. Experimental study on cementitious composites embedded with organic microcapsules. Materials
2013, 6, 4064–4081. [CrossRef]

42. Xu, D.Y.; Huang, S.F.; Qin, L.; Lu, L.C.; Cheng, X. Monitoring of cement hydration reaction process based on ultrasonic technique
of piezoelectric composite transducer. Constr. Build. Mater. 2012, 35, 220–226.

43. Yuan, L.W.; Chen, S.S.; Wang, S.D.; Huang, Y.B.; Yang, Q.K.; Liu, S.; Wang, J.B.; Du, P.; Cheng, X.; Zhou, Z.H. Research on the
improvement of concrete autogenous self-healing based on the regulation of cement particle size distribution (PSD). Materials
2019, 12, 2818. [CrossRef] [PubMed]

http://doi.org/10.1038/35057232
http://doi.org/10.1016/j.conbuildmat.2020.119389
http://doi.org/10.1016/j.conbuildmat.2020.119782
http://doi.org/10.1002/app.40572
http://doi.org/10.3390/ma14071725
http://www.ncbi.nlm.nih.gov/pubmed/33807448
http://doi.org/10.1002/pc.24343
http://doi.org/10.3390/nano12020197
http://www.ncbi.nlm.nih.gov/pubmed/35055215
http://doi.org/10.1038/s41565-018-0327-4
http://doi.org/10.1021/la801138e
http://doi.org/10.1016/j.cej.2012.05.094
http://doi.org/10.1016/j.conbuildmat.2015.12.191
http://doi.org/10.1016/j.jobe.2021.102880
http://doi.org/10.1016/j.cemconres.2020.105995
http://doi.org/10.3390/ma6094064
http://doi.org/10.3390/ma12172818
http://www.ncbi.nlm.nih.gov/pubmed/31480673

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Microcapsules 
	Preparation of Mortars 
	Measurement and Characterization 
	Core Fraction 
	Compactness of Microcapsules 
	Size Distributions 
	Morphology 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Self-Repairing of Pre-Damaged Mortars 
	Pore Size Distribution 
	Ultrasonic Testing 
	Surface Cracks Self-Repairing 


	Results and Discussion 
	Core Fraction 
	Compactness 
	Particle Size Distributions 
	Morphology 
	FTIR Analysis 
	Pore Size Distribution 
	Flexural Strength and Compressive Strength 
	Compressive Strength Recovery 
	Analysis of Ultrasonic Waveform 
	Parameters Analysis of Received Wave 
	Variation of Surface Cracks Repairing Ratio 
	Visual Crack Closure 

	Conclusions 
	References

