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Abstract: In this study, we successfully manufactured polyurethane microcapsules containing iso-
cyanate prepolymer as a core material for self-healing protection coatings via interfacial polymer-
ization of a commercial polyurethane curing agent (Bayer L-75) and 1,4-butanediol (BDO) as a
chain extender in an emulsion solution. With an optical microscope (OM) and a scanning electron
microscope (SEM), the resulting microcapsules showed a spherical shape and an ideal structure
with a smooth surface. Fourier transform infrared spectra (FTIR) showed that the core material
was successfully encapsulated. Thermal gravimetric analysis (TGA) showed that the initial evap-
oration temperature of the microcapsules was 270 ◦C. In addition, we examined the influence of
the concentration of the emulsifier and chain extender on the structure and morphology of the
microcapsules. The results indicate that the optimal parameters of the microcapsule are an emulsifier
concentration of 7.5% and a chain extender concentration of 15.38%. Microcapsules were added to the
epoxy resin coating to verify the coating’s self-healing performance by a surface scratch test, and the
results showed that the cracks could heal in 24 h. Furthermore, the self-healing coating had excellent
corrosion resistance.

Keywords: microcapsules; isocyanate prepolymer; coating; self-healing

1. Introduction

Microcapsule healing materials [1–5] have attracted increasing attention and have
been widely researched, especially since the first-generation healing system reported by
White et al. [6] This is mainly because the microcapsule healing materials can provide
instant feedback to external signals from the outside [7–11], complete the healing automati-
cally and significantly extend the service life [12–16]. As reported in previous work [17,18],
healing reagents must be encapsulated in capsules before being added to self-healing
coatings to offer the self-healing functions [19]. If the self-healing coating was cracked and
damaged, the embedded microcapsules would release the healing reagents after rupture
and refill the cracked area [20–25]. Thus, a microcapsule must possess several features,
including suitable protective ability for the core material [26–28], excellent repair efficiency
and high encapsulation efficiency [29,30]. Furthermore, for a microcapsule’s application in
the coating industry, the simplicity of its preparation process and mass production are also
important [31–33].

Various methods of preparing self-healing microcapsules have already been widely
reported. Yang et al. [34] prepared a kind of microcapsule with isophorone diisocyanate
(IPDI) as the core material and polyurethane (PU) as the shell material by interfacial
polymerization. They prepared smooth spherical microcapsules with a diameter of 40 to
400 µm by controlling the stirring rate, and found that the thickness of the shell material
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changes linearly with the diameter of the microcapsule. Wang et al. [35] added IPDI-
coated microcapsules to alkyd resin varnish (AVCS), and combined the scanning reference
electrode method (SMRE) and FTIR to directly demonstrate the self-healing performance
of the IPDI–ACVS system. Credico et al. [36] used double-layer polyurethane/polyurea
formaldehyde polyurethane (PUF) as the shell material and IPDI as the core material to
prepare the microcapsule with a regular surface. Then, they added the microcapsules to
the resin matrix and made scratches on the surface of the material. After 48 h of repairing
them in water, the scratches on the surface basically disappeared. Li et al. [37] used
polyetheramine (PEA) as the core material and polymethyl methacrylate (PMMA) as the
shell material to prepare a series of curing agent microcapsules by solvent evaporation.
The microcapsules with different morphologies, shell wall thickness and particle size
distribution were obtained by adjusting the reaction temperature, core to shell ratio, stirring
speed, emulsifier concentration and other process conditions. Liang et al. [38] used IPDI
as the core material and polysulfide network structure resin as the shell material, and
prepared a new type of microcapsule through the method of interfacial polymerization.

However, previous studies have mainly focused on microcapsules where the core
material comprised monomers such as IPDI [39]. Moreover, as the core material of micro-
capsules for self-healing coatings, IPDI, is unstable, the reaction products had poor elasticity
and low toughness because of the lack of soft segments, which can easily cause secondary
damage. These shortcomings severely limited the development of IPDI microcapsules, so
it is necessary to develop a microcapsule material with high elasticity and a high toughness
repair agent.

In this work, isocyanate prepolymer formed by isocyanate-terminated polyetheramine
D2000 was used as the core material. Compared with IPDI monomer, isocyanate prepoly-
mer as the healing agent can significantly increase the repair efficiency of microcapsules. In
addition, it was different from the traditional microcapsule of monomer repair agents, the
curing speed of the prepolymer healing agent was faster, there were many soft segment
structures in the formed polyurea and the formed repair area had elasticity and toughness,
which could reduce the probability of secondary damage. Furthermore, in the oil-in-water
(O/W) system, Bayer L-75 and BDO were used to react the chain extension. The reaction
process was controllable and significantly improved the reaction rate of the interfacial
polymerization to form a membrane that could protect the core material from the water
phase and reduce the loss of core material during the preparation of microcapsules. Addi-
tionally, the encapsulation efficiency was improved through the reaction process. Therefore,
our research has important implications for improving the practicality of microcapsule
self-healing materials [40].

2. Materials and Methods
2.1. Materials

Gum Arabic (GA, pharmaceutical grade), butyl acetate (BA, 99.5%), isophorone diiso-
cyanate (IPDI, 99%) and polyetheramine D2000 (PEA, average Mn ≈ 2000) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China. 1,4-butanediol
(BDO, 99%) was purchased from Shanghai Maclean Biochemical Technology Co., Ltd.
Shanghai, China. The commercial polyurethane curing agent Bayer L-75 was supplied
by Shanghai Covestro Polymer Co., Ltd. Shanghai, China. The two-component epoxy
resin AB glue (YT-CC302Q) was purchased from Kunshan Yituo Composite Material Co.,
Ltd. Kunshan, China. Deionized (DI) water in all experiments was purified with HHitech
(Shanghai, China) purification equipment by deionization and filtration to a resistivity
above 18.2 MΩ·cm.

2.2. Preparation of Isocyanate Prepolymer

The polyetheramine prepolymer was prepared by the one-step method. Isophorone
diisocyanate (IPDI, 2.33 g) and butyl acetate (BA, 10 mL) were mixed in a three-necked flask
and nitrogen gas was introduced to remove oxygen and moisture. Polyetheramine (PEA,
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20 g) was injected into the three-necked flask dropwise with a syringe. The isocyanate
prepolymer was obtained by reacting for 4 h at room temperature. The schematic diagram
of prepolymer synthesis is shown in Figure 1.
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2.3. Preparation of Microcapsules

The microcapsules with different GA content and different BDO content were prepared
according to the conditions of Table 1. A typical emulsion of sample MC2 was prepared by
the following steps. First, the commercial polyurethane curing agent (Bayer L-75, 3 g) and
polyetheramine D2000 prepolymer (PEA, 6 g) were dissolved in butyl acetate (BA, 2 mL) as
the oil phase. Then, deionized water (DI, 37 mL) and gum Arabic (GA, 3 g) were added
into a 100 mL beaker, and formed an emulsion under stirring. Next, the oil phase was
quickly dropped into the emulsion and stirred at 600 rpm to form an oil-in-water system.
1,4-butanediol (BDO, 2 g) was added to the system dropwise within 3 min and we made
sure the system was heated to 60 ◦C. After 3 h of reaction, a microcapsule suspension was
obtained. Finally, the microcapsule sample was obtained after drying for 24 h.

Table 1. Recipes of the microcapsule synthesis with different GA and BDO concentrations.

Sample m(GA)/g m(L-75)/g m(Isocyanate Prepolymer)/g m(BDO)/g

MC1 2 3 6 2
MC2 3 3 6 2
MC3 5 3 6 2
MC4 3 3 6 2.5
MC5 3 3 6 1

2.4. Core Content Determination

In order to investigate the effect of emulsifier concentration on the encapsulation rate
of microcapsules, the core content was calculated by the extraction method [41]. The proper
amounts of microcapsules (M0) were weighed and then crushed by pestle grinding in the
presence of acetone as the extractant, then filtered and dried, and the remaining material (Ms)
was weighed. The core content (W) could be calculated according to the following formula.

W(%) =
M0 − Ms

M0
× 100% (1)

2.5. Characterizations

Optical microscopy (OM): The morphology and particle size of microcapsule samples
prepared with different emulsifier content and chain extender content were observed with
BX53M OM of Olympus, Tokyo, Japan.

Scanning electron microscopy (SEM): The overall particle size and surface smoothness
of microcapsules prepared with different emulsifier content and chain extender content
were observed with a Japanese Hitachi SU8010 scanning electron microscope (Hitachi,
Tokyo, Japan). operating at 5.0 kV.

Laser particle size analyzer: The particle size distribution of the prepared microcap-
sules was tested by the MS2000 laser particle size analyzer of Malvern, London, UK.



Coatings 2022, 12, 166 4 of 13

Fourier transform infrared spectra (FTIR): FTIR spectra of isocyanate prepolymer, micro-
capsules and their shell were performed with a Thermo Fisher Scientific NICOLET IS10 IR
instrument (Thermo Fisher, Shanghai, China). The test range was from 400 to 4000 cm−1.

X-ray diffraction (XRD): The crystal structure of the microcapsule was analyzed with
the D8 ADVANCE XRD instrument from Bruker, Karlsruhe, Germany. The scanning range
was from 10 to 80◦, the working voltage was 40 kV and the current was 40 mA.

Thermal gravimetric analysis (TGA): TGA of isocyanate prepolymer, microcapsules
and their shell were performed with a NETZSCH TAQ 2000 instrument (Netzsch, Shanghai,
China). The typical experimental process of TGA was as follows: 3 to 6 mg samples were
neatly placed on an aluminum oxide crucible and heated from 30 to 500 ◦C at a heating
rate of 10 ◦C min−1 under nitrogen atmosphere.

2.6. Evaluation of Self-Healing Performance

The self-healing coatings were prepared by dispersing the synthetic microcapsules
evenly into the epoxy resin AB component. The coating samples were frozen at −40 ◦C for
4 h. Artificial scratches were created on the coatings using scissors. The specimens after
scratching were kept at room temperature for 24 h for the healing process. The OM images
of the scratched regions were obtained to reflect the healing behavior of the coatings with
different microcapsule contents.

2.7. Evaluation of Anti-Corrosion Performance

The epoxy resin paintings with different microcapsule contents were obtained by
mixing epoxy resin A and B components in a mass ratio of 3:1, and the microcapsule
samples with mass fractions of 10% and 20% were added to it. Then, according to the
standard, two coatings with different capsule contents were applied to the pre-treated
substrate, and cured at room temperature for 26 h. After the curing was completed, the
coatings were scratched to study their anti-corrosion and healing conditions. The pure
epoxy resin coating and 10% microcapsule content and 20% microcapsule content self-
healing coatings were scratched with a blade, and we tried to give the cracks of each
group the same width and depth. In order to speed up the corrosion rate and deepen the
corrosion effect, the three coating samples were immersed in 3.5 wt% NaCl solution, and
the corrosion of the coating cracks was observed and recorded every 24 h, with continuous
observation and recording for 72 h.

3. Results and Discussion

As in the schematic plot shown in Figure 2a, O/W emulsion stabilized was prepared
by gum Arabic (GA), and oil phase was the mixture of isocyanate prepolymer and Bayer
L-75. Bayer L-75, an aromatic diisocyanate, was much more reactive than isocyanate
prepolymer (aliphatic isocyanate) towards amines or alcoholic molecules. Thus, isocyanate
groups of Bayer L-75 preemptively reacted with hydroxyls of BDO or water at the interface
of emulsion droplets and formed a thin PU membrane. Then, microcapsules were formed
by interfacial polymerization.

When the self-healing coating was cracked and damaged (Figure 2b), the embedded
microcapsules would release the isocyanate prepolymer after rupture, and refilled the
cracked area. When it encountered water in the matrix or in the air, the isocyanate prepoly-
mer reacted with water to form an unstable carbamate, which would later decompose into
amine and carbon dioxide. The amine group could further react with the isocyanate group
to form a urea-containing polymer to repair the crack. The advantage of this work is that it
reduces the possibility of secondary damage.
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3.1. Analysis of the Chemical Structure of Microcapsules

FTIR spectra of isocyanate prepolymer, the microcapsules and their shell were con-
ducted to further reveal the chemical structure of the microcapsules (Figure 3a). From
Figure 3a, it can be seen that they all have a characteristic peak at 3320 cm−1; in addition,
the microcapsules and isocyanate prepolymer have an absorption peak at 2254 cm−1. With
wide stretching vibration peaks of N-H at about 3320 cm−1, stretching vibration peaks of
aliphatic C=O at 1713 cm−1 existed in the spectrum of the microcapsules and their shell,
which proved that the microcapsules had urethane groups (-NHCOO) and successfully
formed the polyurethane shell material.

Stretching vibration peaks of isocyanate groups (-NCO) at about 2254 cm−1 existed
in the spectrum of microcapsules and isocyanate prepolymer because the isocyanate pre-
polymer was blocked by isocyanate. The absorption peak at 2254 cm−1 proved that the
isocyanate prepolymer was successfully synthesized. The stretching vibration peak of
C=O at 1713 cm−1 belonged to the urea group synthesized by the reaction of PEA D2000
and isocyanate, proving the successful polymerization of isocyanate and amine. Because
several microcapsules were broken and a small amount of prepolymer flowed out, the
characteristic peaks of isocyanate groups also appeared in the infrared spectrum of the
microcapsules, which proved that the core material isocyanate prepolymer was efficiently
encapsulated in the isocyanate prepolymer microcapsules as a healing agent.

In order to verify the successful synthesis of the polyurethane shell, X-ray diffrac-
tion tests were performed on the microcapsules and their shell (Figure 3b). As shown in
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Figure 3b, there was a larger amorphous peak at 2θ = 20◦, which was the XRD character-
istic peak of polyurethane, proving that the outer shell of the microcapsule was made of
polyurethane.
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3.2. Effect of the Concentration of Gum Arabic on Microcapsules

In the process of emulsifying the oil phase, the concentration of the emulsifier had a
notable influence on the stability of the emulsion, and further affected the morphology, par-
ticle size and distribution of the final microcapsules. Therefore, the influence of the amount
of gum Arabic (GA) on the surface morphology of the microcapsule was investigated. The
microcapsules with different GA dosages were prepared according to the conditions of
Table 1.

Figure 4 contains the OM and SEM images of the microcapsules with different GA
dosages. The concentrations of the emulsifier in the microcapsule samples in Figure 4a–c
are 5%, 7.5% and 12.5%, respectively. It can be seen from the figures that when the amount
of emulsifier was 5%, the microcapsules were not uniform in particle size and a small
amount of microcapsules ruptured; this may be due to the low concentration of GA,
which could not form a sufficient oil-in-water (O/W) system. As the concentration of
GA increased to 7.5%, the sphericity of the prepolymer microcapsules became higher and
higher, the particle size increased gradually, the particle size became uniform and there was
no rupture, because the surface tension of the water phase gradually decreases with the
increase in GA mass fraction in the early stage and the stability of the two-phase interface
was strengthened. Thus, the microcapsules formed have higher strength and less breakage.
When the concentration of emulsifier was further increased to 12.5%, the particle size of
microcapsules became smaller again, because when the amount of emulsifier significantly
increases, the water–oil interface gathers many emulsifier molecules and needs to provide
more. In addition, the viscosity of the system increased with the increase in GA mass
fraction. It was not only difficult to stir, but also in the process of stirring, small droplets
were likely to collide and combine into large droplets, and large droplets were more likely
to break when they collided, so the microcapsule rupture phenomenon would increase
significantly. The concentration of emulsifier GA in this experiment was controlled at 7.5%,
and the prepared microcapsules had a smooth surface, complete morphology, suitable
particle size and uniform distribution.
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3.3. Effect of the Concentration of BDO on Microcapsules

The OM and SEM images of the microcapsules with different BDO contents are shown
in Figure 5. The mass concentrations of BDO in Figure 5a–c are 8.33%, 15.38% and 18.52%
(relative to the mass fraction of the core and shell material), respectively. The size of the
microcapsule increased with the increase in the concentration of BDO. The particle size of
the microcapsules was small when the mass fraction of BDO was 8.33%, which could be
because the BDO content was insufficient at this time and could not effectively act as a chain
extender, and there were many isocyanate groups in the raw materials that reacted with the
hydroxyl group (-OH) of water, resulting in a lower content of synthetic shell materials and
a smaller particle size of the microcapsules. As the BDO mass fraction increased to 15.38%,
the particle size of the microcapsule increased and the distribution was also uniform, but
the distribution became uneven when it increased to 18.52%. This may be because as the
mass fraction of BDO increased, more microcapsules were involved in chain extension,
and the diameter of the microcapsules further increased. When the mass fraction of BDO
was higher, the reaction rate of the hydroxyl group and the isocyanate group significantly
increased, making it difficult to keep the reaction rate of the entire system stable. As a
result, the particle size of the synthesized microcapsules varied greatly. In summary, when
the mass fraction of BDO was about 15.38%, the prepared microcapsules had a uniform
particle size, and the average particle size of microcapsules was 124.39 µm, which was
relatively moderate.

3.4. Core Content

The core content of the microcapsule has a greater impact on its repair efficiency, so
we calculated the core content according to Formula (1). The core contents of the prepared
microcapsule samples were 31.56%, 40.88% and 32.13% when the GA concentrations were
5 wt%, 7.5 wt% and 12.5 wt%, respectively. This was because the emulsifier increased the
stability of the emulsion, and more emulsion films coated the surface of the oil droplets,
so the core content of the microcapsules increased. However, when the concentration of
emulsifier increased to 12.5 wt%, the emulsion formed was too viscous, so not only was
it more difficult to disperse the emulsion, but the emulsion film on the surface of the oil
droplets was also very thick, and it was difficult to deposit the synthetic wall material onto
the surface of the oil droplets; thus, it was hard to effectively encapsulate the core material.
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3.5. Particle Size and Thermal Analysis of Microcapsules

Figure 6a shows the particle size distribution of sample MC1 to MC5. As shown
in Figure 6a, the particle size of the microcapsules increased with the increase in the
concentration of GA from 5% to 7.5%. When the mass fraction of GA was 7.5%, the particle
size of the microcapsules was moderate and the distribution was concentrated, mostly
from 50 to 240 µm, with an average particle size of about 124.39 µm. As the mass fraction
continued increasing, the overall particle size gradually decreased and the distribution was
uneven, and the span of the particle size distribution was slightly larger, consistent with
the OM and SEM images in Figure 4. This could be explained by the fact that the likelihood
of merging between droplets decreased and the particle size decreased with the increase in
the amount of emulsifier. Moreover, in the process of synthesizing microcapsules, smaller
microcapsules were formed near the stirring rotor, and larger microcapsules were far away
from the stirring rotor, resulting in a wider size distribution of microcapsules.
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When the concentration of BDO was 8.33%, the particle size of the microcapsules was
small. This was because BDO had a small mass fraction and low content relative to the core
wall and could not effectively function as a chain extender. There were many isocyanate
groups in the raw materials. The group (-NCO) reacted with the hydroxyl group (-OH)
of water, resulting in less wall material content, so the particle size of the microcapsules
was smaller. When the mass fraction of BDO increased to 15.38 wt%, the particle size of
the microcapsules also increased, but when the relative core wall mass fraction of BDO
increased to 18.52 wt%, the particle size of the microcapsules increased, but the particle
size distribution was uneven. This is because when the mass fraction of BDO was high,
the reaction rate of -OH and -NCO significantly increased, making it difficult to keep the
reaction rate of the whole system stable, and the size of the synthesized microcapsules
varied greatly.

As a container for active self-healing reagents, the thermal stability of microcapsules is
important for their practical applications. Therefore, TGA tests were performed on the core
material isocyanate prepolymer, the polyurethane shell and the microcapsules (Figure 6b).

As shown in Figure 6b, isocyanate prepolymer lost 5% weight at 65 ◦C because of the
continuous evaporation of butyl acetate in the isocyanate prepolymer solution during the
heating process, while the microcapsules had a little thermal decomposition from 30 to 270 ◦C.
This may be because a few microcapsules were damaged during preparation, and the isocyanate
prepolymer was thermally decomposed at this temperature. Thus, we confirmed that the
core material had improved heat resistance under the urethane shell. The TGA curves also
showed that the weight loss of microcapsules was mainly divided into two stages. The first
stage occurred in the temperature range of about 270 to 330 ◦C, which could be attributed to
the thermal decomposition of the polyurethane shell and the evaporation of the solvent. The
second stage occurred in the temperature range of about 330 to 430 ◦C, which was attributed to
the homopolymerization reaction of the encapsulating resin.

Due to the high viscosity of the shell material, it was difficult to prepare and sample it
separately; therefore, the shell material was prepared without adding isocyanate prepolymer
in the reaction system. The method was the same as for preparing the microcapsules, and we
only obtained the microcapsule sample containing the shell material. As shown in Figure 6b,
the quality of the polyurethane shell material remained stable from 30 to 270 ◦C and the
TGA curve of the shell material began to drop sharply until 290 ◦C, at which point the
decomposition temperature of the shell material was reached. We also observed that the mass
fraction of the shell did not change after 470 ◦C because the shell material decomposed and
the remaining material was the residue after carbonization.

3.6. Preliminary Self-Healing and Anti-Corrosion Performance of Epoxy Coatings

Epoxy resins are widely used in coatings because of their excellent chemical resistance,
strong paint film adhesion and excellent anti-corrosion properties. Therefore, we added
microcapsules to epoxy resin adhesive to develop healing coatings. The repair mechanism
of the self-healing coating is shown in Figure 2b. Self-healing epoxy coatings were prepared
using epoxy resin AB glue by adding synthetic microcapsules with different weight ratios,
i.e., 0 wt%, 10 wt% and 20 wt% of MC2. Figure 7 shows the OM images of cracked planes
after healing in coatings with (a) 0 wt% MC2, (b) 10 wt% MC2 and (c) 20 wt% MC2. The
OM image shows that the cracks applied in the epoxy coating with 10 wt% or 20 wt% MC2
were slightly filled. It illustrates that the microcapsules dispersed in the epoxy resin matrix
had a healing effect. Similarly, the Figure 7b for the coating with 10 wt% MC2 shown better
self-healing, as the width and depth of the crack reduced significantly. Therefore, the epoxy
resin AB glue coating with 10 wt% MC2 had the strongest self-healing capability.
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In order to observe the corrosion in a short period of time, the coatings were scratched
and then immersed in NaCl solution. The three groups of coating specimens were immersed
in 3.5 wt% NaCl solution, and the corrosion at the cracks of the coating was observed and
photographed and recorded every 24 h for 72 h. The results are shown in Figure 8.

It can be seen from Figure 8 that the coating samples immersed in NaCl solution
showed no obvious corrosion, except for the scratched area without microcapsule coating.
This is because the scratches lost the protection of the original coating and were in direct
contact with the NaCl solution, thereby being corroded. After adding the microcapsules,
the scratch would puncture the microcapsules, causing the core repair agents to be released
and flow to the crack, where they reacted with water to form a polymer that repaired the
scratch area. Therefore, they effectively protected the substrate and enhanced the corrosion
resistance of the coating. In addition, the scratch area of the coating samples with 10% and
20% microcapsules content was reduced after being dipped into NaCl solution, and the
scratches became shallower and lighter. The coating with 20% microcapsule content showed
some blistering and flaking after 72 h of immersion because adding too many microcapsules
changed the original performance of the coating, resulting in the adhesion of the coating
decreasing and blistering the coating with a long immersion time. Comprehensive analysis,
taking into account the corrosion and adhesion of the coating, should incorporate the epoxy
resin coating ratio of about 10% of the prepolymer microcapsules.
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4. Conclusions

Isocyanate prepolymer microcapsules, richly loaded with isocyanate group-terminated
polyetheramine, were synthesized by interfacial polymerization. The size control of micro-
capsules was deftly conducted by varying the GA contents and BDO contents. The addition
of GA was beneficial to reduce the adhesion phenomenon and enhance the smoothness of
the microcapsule surface. The addition of BDO was beneficial to the formation of microcap-
sules and the enlargement of the particle size. Our research shows that the microcapsules
were in a regular spherical shape with a smooth surface and a moderate particle size when
the concentration of GA was 7.5% and the mass fraction of BDO was 15.38%. The mean
diameter scale of the capsules was about 50 to 240 µm, the average particle size was about
124.39 µm and the core content of the microcapsule sample was 40.88%. Furthermore, due
to the protective effect of the polyurethane shell, the microcapsules also showed thermal
stability at 270 ◦C. These favorable properties of isocyanate prepolymer microcapsules
provide strong support for their further application in industrial fields. The self-healing test
of the coating showed that when microcracks appeared inside the coating, the isocyanate
prepolymer microcapsules also ruptured, releasing the isocyanate prepolymer, which re-
acted with water to produce polymer, thus filling the cracks and achieving the effect of
self-healing. The corrosion resistance analysis of the coating showed that the blank coating
specimens without microcapsules were seriously corroded at the cracks after soaking in
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NaCl solution for 72 h, while the self-healing coating with prepolymer microcapsules was
not corroded at the cracks after soaking.
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