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Abstract It is difficult to produce coatings that have
good mechanical and self-healing properties. In this
study, polyvinyl alcohol/polyurethane/polyurea (PVA/
PU/PUA) microcapsules (MCs) loaded with isophor-
one diisocyanate (IPDI) as core materials were first
prepared by interfacial polymerization in an oil-in-
water emulsion using different PVA as an emulsifier.
The MCs were then uniformly dispersed in the matrix.
Optical microscopy and scanning electron microscopy
revealed that the size of MCs decreased as alcoholysis
and polymerization degree of PVA increased. Ther-
mogravimetric analysis showed that the MCs prepared
with the high polymerization or alcoholysis degree of
PVA revealed outstanding thermal stability, and the
initial decomposition temperature increased by
approximately 100�C compared with IPDI. Further-
more, the self-healing performance of the two-compo-
nent waterborne polyurethane (2K WPU) coating
system containing MCs was investigated. The 2K
WPU coatings with 9 wt% PVA/PU/PUA MCs exhib-
ited excellent self-healing, mechanical properties, and
corrosion resistance, and indicated a high potential for
smart coating.

Keywords Microcapsules, PVA/PU/PUA,
Self-healing, Two-component waterborne
polyurethane, Corrosion resistance

Introduction

Coatings are inevitably damaged during the service
process, which significantly reduces the mechanical
properties, water and solvent resistance, and other
properties of the coating; thus, the substrates cannot be
effectively protected.1–4 Therefore, developing self-
healing coatings similar to organisms with dual per-
ception and response function is critical. The self-
healing material was first successfully prepared by
White et al.5 It has received much attention because of
its potential to extend material life and reduce material
maintenance costs.6,7 Material and energy supply in
time are the keys to the self-healing function. Self-
healing materials are divided into two types based on
their supply method: extrinsic self-healing materials,
which are reliant on external repairing agents (e.g.,
microcapsules (MCs),8 capillary networks,9 and hollow
glass fibers10) to complete self-healing behavior, and
intrinsic self-healing materials, which are reliant on
reversible covalent bonds/noncovalent bonds to
achieve self-healing behavior.11

Microencapsulated self-healing materials are the
first to be introduced and the most typical extrinsic
ones. Self-healing is achieved by rupturing the MC
shell, allowing the liquid healing agents to stream out
and repair the crack or fracture in the damaged area,
thereby extending the service life of the material and
saving the high cost of material repair.12 This technol-
ogy has become a popular technology for coating
repair because of its simple operation, low cost, and
high effectiveness. It has huge application prospects in
the construction, automotive, and aerospace industries.
The core materials of the MCs mainly include dicy-

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11998-
021-00577-8.

X. Xu, Z. Zhou, L. Qin, F. Zhang (&)
College of Materials Science and Engineering, Guilin
University of Technology, No. 12, Jiangan Road, Guilin
541004, People’s Republic of China
e-mail: zhangfaai@glut.edu.cn

C. Yu (&)
College of Chemistry and Biology Engineering, Guilin
University of Technology, No. 319, Yanshan Street, Guilin
541006, People’s Republic of China
e-mail: yucl916@163.com

J. Coat. Technol. Res., 19 (3) 977–988, 2022

https://doi.org/10.1007/s11998-021-00577-8

977

https://doi.org/10.1007/s11998-021-00577-8
https://doi.org/10.1007/s11998-021-00577-8
https://doi.org/10.1007/s11998-021-00577-8
https://doi.org/10.1007/s11998-021-00577-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s11998-021-00577-8&amp;domain=pdf
https://doi.org/10.1007/s11998-021-00577-8


clopentadiene,13 amines,14 and isocyanates.15 Because
of their easy reactions with moisture, MCs containing
liquid isocyanates have emerged as the most attractive
catalyst-free self-healing system.16

However, the MCs containing isocyanate have
limited applications because of their unsatisfactory
mechanical performance and permeability. Therefore,
researchers have attempted to synthesize a capsule
shell with excellent mechanical properties and low
permeability (e.g., multilayer shell, hybrid shell, and
shell modified by various reagents).17–20 Song et al.21

used interfacial and in situ polymerization techniques
to synthesize polyurethane/poly(urea-formaldehyde)
(PU/PUF) double-shell MCs loaded with IPDI. At-
taei17,20 prepared SiO2-polyurea (SiO2-PUA)/PU hy-
brid shell MCs loaded with IPDI in a W/O emulsion by
interfacial polymerization. Polyvinyl alcohol (PVA) is
a high molecular weight polymer that is biodegradable,
biocompatible, and nontoxic and has strong hydrogen
bonds. Due to its good chemical stability, mechanical
properties, and excellent film-forming properties, PVA
has been widely used in the fields such as fibers,
plastics, adhesives, and medicine.22,23 In addition, Li
et al.24,25 successfully prepared IPDI-loaded PVA-
PUA hybrid MCs in an O/W emulsion by interfacial
polymerization with PVA as an emulsifier. The method
produces MCs with excellent performance and low
cost, and the existence of hydroxyl groups on the PVA
surface can improve the compatibility between MCs
and PU coating. However, the influence of PVA type
on MCs has not been reported, and the development of
microcapsules coating with good self-healing and
mechanical properties has yet to be reported.

Herein, PVA/PUA MCs loaded with IPDI were
synthesized by interfacial polymerization in an O/W
emulsion using different PVA as an emulsifier. Ther-
mogravimetric analysis, Fourier transform infrared
spectroscopy, scanning electron microscopy, and opti-
cal microscopy were used to evaluate the quality,
structural and micromorphology analysis of MCs. The
effects of polymerization degree and alcoholysis
degree of PVA on MCs were investigated. Eventually,
self-healing performance and corrosion resistance of a
two-component waterborne polyurethane (2K WPU)
coating containing MCs were evaluated.

Experimental methods and materials

Materials

Isophorone diisocyanate (IPDI, analytically pure
(AR)), polymethylene polyphenyl polyisocyanate
(PAPI, AR), diethylene triamine (DETA, AR), and
polyvinyl alcohol (PVA0588, PVA1778, PVA1788,
PVA1799, and PVA2488, AR) were purchased by
Aladdin Industrial Corporation. The hydrophilic mod-
ified isocyanate XP 2655 (industrial grade), a curing
agent, was provided by Shanghai Kaiyin Chemical Co.,

Ltd. Toluene (AR) was purchased from Xilong Science
and Technology Co., Ltd. Acrylate emulsion (theoret-
ical hydroxyl value 100 mg KOH/g, glass transition
temperature 15�C) and deionized water were made by
our laboratory.26 All reagents were used without any
purification.

Synthesis of PVA solution

Adding 5 g of PVA (PVA0588, PVA1778, PVA1788,
PVA1799, and PVA2488) to 95 g of deionized water, the
mixture was stirred at 800 rpm for 0.5 h at room
temperature, followed by stirring for an additional 3 h
at 80�C, and the PVA solution was cooled to room
temperature. The differences between these five PVAs
are shown in Table S1.

Synthesis of MCs

Scheme 1 shows the MCs preparation flow diagram and
related chemical reaction. At first, 60 g of 5 wt% PVA
solutions of different types were stirred for 30 min in a
250 mL three-necked bottle at an agitation rate of 800
rpm. Then, the oil phase (the mixture of 4 g PAPI and
12 g IPDI) was slowly poured into the PVA solution
while emulsifying for 5 min. The PVA layer was
formed at the interface between the aqueous phase and
the oil phase due to the formation of intermolecular
hydrogen bonds and additional chemical bonds be-
tween the –OH groups of PVA (Scheme 1a). During
this process, a small amount of isocyanate was incor-
porated into the PVA layer. Compared with the IPDI
monomer, the PAPI monomer has higher reactivity, so
PU/PUA1 in the PVA layer was formed by the reaction
of PAPI and PVA/water (Scheme 1b and c). Deionized
water (10 mL) was mixed with 0.025, 0.050, 0.100,
0.200, 0.400, or 0.800 g of DETA, respectively, and
then sequentially dropped into the PVA emulsion
within 1 h. The system was maintained at 65�C for 2 h
with a stirring speed of 300 rpm. Interfacial polymer-
ization of DETA and PAPI monomers from the core
resulted in the formation of a PUA2 (Scheme 1d). The
MCs were washed with deionized water for at least five
times and dried in a glass dish at room temperature for
24 h before further analysis. According to PVA type,
MCs are represented by MC0588, MC1778, MC1788,
MC1799, and MC2488.

Preparation of self-healing 2K WPU coatings

Firstly, a certain amount of MCs was slowly added to
the acrylate emulsion and stirred with a magnetic
stirrer until a uniformly dispersed mixture was formed.
Then, at an equivalent ratio of 1.2, curing agent XP
2655 was added to the above mixture and stirred for 3
min. Finally, the mixture was coated on a tinplate and
glass plate with a linear coater, dried for 24 h at room
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temperature, and then dried at 60�C for 24 h to obtain
a coating film. According to MC type, 2K WPU is
represented by 2K WPU0588, 2K WPU1778, 2K
WPU1788, 2K WPU1799, and 2K WPU2488.

Characterization

The infrared spectroscopy of samples was recorded by
Thermo Nexus 470 Fourier transform infrared (FTIR)
spectrometer. The liquid sample was evenly coated on
potassium bromide and then tested after being dried
under an infrared lamp. The powder sample was mixed
with the potassium bromide and pressed. The mea-
surement range was 4000 � 400 cm�1. The morphol-
ogy, size distribution, average shell thickness, and self-
healing effect of MCs were observed by S-4800 field
emission scanning electron microscope (FESEM,
Japan High-tech Company) under 5 � 10 kV voltage.
Samples were pre-coated with conductive Au films by
sputtering using Q150T ES sputtering coater (Quorum
Technologies). Thermogravimetric analysis (TGA)
measurements were conducted using a TA Instruments
analyzer (TGA Q500, USA) in N2. The samples were
ramped from RT to 800�C at a heating rate of 10�C
min�1. MCs and coatings were observed and pho-
tographed by Leica DM P9P optical microscope (OM,

Germany Leitz Company) to evaluate the shell matu-
rity, and size of MCs and the distribution of MCs in
coatings during synthesis. The thermal stability of the
samples was tested by an American TA-209 thermo-
gravimetric analyzer in an N2 atmosphere. The mea-
suring range was 30 � 800�C, and the heating rate was
10 K/min. Saline immersion method was used to
evaluate the corrosion resistance of the coatings.
Firstly, a crossing scratch was made on the coating
surface with the same manner, where all scratched
samples were left for 48 h to allow for healing and then
immersed in 3.5 wt% NaCl solution, and a camera was
used to record the corrosion state of coatings in
different immersion time. Electrochemical impedance
spectroscopy (EIS) was carried out by using an
electrochemical workstation (CHI 760E, Shanghai
Chenhua Instrument Co., Ltd. China) in a three-
electrode system. The EIS measurements were per-
formed in a 3.5 wt% NaCl solution with a frequency
range from 105 Hz to 10�2 Hz and an amplitude of 5
mV. The mechanical performance was tested by the
UTM4503SLXY universal tensile testing machine from
Shenzhen Sansi aspect Technology Co., Ltd., with 50
mm/min tensile rate, and Young’s modulus, breaking
strain, and tensile stress were obtained by mechanical
performance test. The pendulum hardness, impact
resistance, and gloss were tested according to GB/T
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1730-2007, GB/T 1732-1993, and GB/T 1743-1979
methods, respectively. Adhesion test was adopted to
BGD 501 automatic circling method by adhesion
tester, and the results referred to GB/T 1720-79.

The core content (g) of MCs obtained by TGA was
calculated by equation (1):

g ¼ 1� RMCs=Rshell � 100% ð1Þ

where RMCs and Rshell are the residue ratios of MCs
and shell at 800�C, respectively.

Results and discussion

Analysis and characterization of MCs

FTIR

Figure S1 shows the spectra of each component of the
prepared MCs. Compared with the PAPI spectra, the
characteristic absorption peak at 2259 cm�1 attributed
to the isocyanate group (–NCO) in the shell is reduced
significantly. The characteristic absorption peaks near
3358 and 1645 cm�1 that correspond to N–H and C=O
of PUA, and the characteristic peaks at 1600 and 1510
cm�1 that correspond to the C–C stretching vibration
in the benzene ring, existed, indicating that –NCO in
PAPI reacted with DETA or water to form a PUA
shell. The complete MCs show a very strong –NCO
absorption peak at 2259 cm�1, indicating that IPDI has
been successfully coated on the basis of nearly similar
spectra for pure IPDI and the core.

Morphology

OM and FESEM were used to evaluate the morphol-
ogy, size distribution, and shell thickness of the MCs.
The morphologies of MCs during the preparation of
MC1788 were observed by OM and are shown in
Fig. S2. Relatively stable MCs produced after the
emulsification process were completed (Fig. S2a),
which may be caused by PVA tending to form
interconnected networks at the interface between the
water and oil phases through hydrogen bonds, and the
isocyanates reacted with the hydroxyl group of the
PVA to form PU during emulsification. The color of
MCs became dark with the addition of DETA
(Fig. S2b and c), indicating that the thickness and
crosslinking density of the MCs shell layer increased
with the increase in reaction time. In addition, wrinkles
existed on the surface of MCs, which were mainly due
to the highly crosslinked shell resisting the liquid core’s
shrinkage.

The effects of different PVA on the size of MCs
were observed via OM (Fig. 1). The polymerization
and alcoholysis degrees of PVA exert a significant
impact on the particle size of the MCs. The average

diameter of the MCs decreased from 39 to 20 lm as the
PVA molecular weight increased from 22,000
(PVA0588) to 105,600 (PVA2488) at the alcoholysis
degree of 88%, whereas the average diameter of the
MCs decreased from 36 to 25 lm as the PVA
alcoholysis degree increased from 78% (PVA1778) to
99% (PVA1799) at the molecular weight of 74,800. This
is because the viscosity of PVA increases with the
increase in polymerization degree or alcoholysis
degree of PVA, decreases the surface tension, and
leads to small particle size of MCs.27,28

Figure 2 shows the surface and shell morphology of
MCs. The MCs prepared with PVA as an emulsifier
were optically transparent and dispersed individually
without adhering to each other. The outer and inner
surfaces of the capsules were smooth, and the shell wall
thickness was roughly uniform at 2 lm. The polymer-
ization and alcoholysis degrees of PVA have little
effect on the surface morphology and shell thickness of
MCs.

TGA thermal analysis

The thermal properties of MCs and core material were
investigated using TGA thermal analysis. The decom-
position of MCs was divided into three stages (Fig. 3a).
The first stage was mainly due to IPDI (liquid core),
and the last two stages were due to the shell. The initial
decomposition temperature (T5%) of the IPDI mono-
mer was 130�C, and it was nearly completely lost at
228�C. However, IPDI encapsulated in MCs demon-
strated remarkable thermal stability (T5% > 186�C).
This reinforcement can be attributed to the double
barrier from PUA and PVA. Among them, MC1799 and
MC2488 showed high thermal stability. This is mainly
due to a high polymerization and alcoholysis degrees of
PVA, which make MCs with denser shells through
enhanced entanglement effect associated with hydro-
gen bonds between intermolecular and interchains, as
well as microcrystallization, resulting in higher thermal
stabilities.29,30 Figure 3c shows that the residual
weights of MCs and pure IPDI vary with time during
the isothermal process of 100 min at 100�C. By
comparison, pure IPDI loses approximately 43.6 wt%
of the original sample, whereas the encapsulated IPDI
loses approximately 0.5 wt% after the same process.
This means that the encapsulated IPDI had a slower
evaporation rate, and it also confirmed that the
resulting shells have better thermal resistance than
pure IPDI.

Table 1 shows the core contents of MCs. TGA
curves also showed that IPDI was encapsulated in the
MCs with a mass ratio of approximately 59–68 wt%. In
addition, the g values of MC0588, MC1778, and MC1788

(66.6, 68.0, and 65.3 wt%, respectively) were higher
than those of MC1799 and MC2488 (61.6 and 59.0 wt%,
respectively). This confirmed the finding that the core
content was related to MCs size and surface wrinkles,
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and that the MCs with high core content had larger
sizes and fewer surface wrinkles.

To further investigate the stability of the IPDI-
loaded MCs in a wet environment, an aqueous solu-
tion-immersion experiment was conducted, and the
core contents of MCs were analyzed using TGA. As
shown in the TGA traces in Fig. S3, the core contents
of MCs gradually decrease with the immersion time.
More than 45 wt% of the active reagents were retained
in the core because of the dense shell layer prohibiting
water from penetration after 7 days of immersion. The
core contents of MC0588, MC1778, MC1788, MC1799, and

MC2488 were reduced by 26.7, 28.8, 26.5, 23.9, and 24.2
wt%, respectively. Among them, MC1799 and MC2488

encapsulated less amount of IPDI; however, they
showed the least decline. This shows that PVA with a
high polymerization and alcoholysis degrees result in
the MCs with lower permeability, implying that the
active agent can be effectively protected. Furthermore,
the decreased core content may be due to the reaction
between diffused water across the shell and the
encapsulated active core IPDI, which was further
proved by the SEM images of the core morphology
of MCs after soaking in water. The MCs nearly turned
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Fig. 1: OM images and particle size distribution of MC1778 (a), MC1788 (b), MC1799 (c), MC0588 (d), and MC2488 (e)
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into solid particles (Fig. 4b), which show that water
molecules passed through the capsule wall and reacted
with IPDI to form PUA during the soaking process of
MCs, and indirectly proved the self-healing perfor-
mance of MCs.

Self-healing performance of 2K WPU

OM analysis

OM was used to observe the coatings containing 15
wt%MCs to evaluate the distribution of MCs in the 2K
WPU the coatings. The large-sized MCs (MC0588,
MC1778, and MC1788) are broken because they cannot
withstand the shear stress generated during the high-

speed stirring process (Fig. 5).31 However, the MC1799

and MC2488 have almost no fragmentation and are
evenly distributed in the coatings. This is mainly due to
the shear stress; the larger the MCs, the greater the
stress exerted, and the easier it is to be ruptured.

In addition, the mechanical properties of the various
pure PVA coating film can account for this result. The
representative tensile curves of different PVA coating
films are shown in Fig. S4. The tensile strength and
Young’s modulus of the PVA coatings increased as the
molecular weight or alcoholysis degree increased. At a
50 mm/min strain rate, the Young’s modulus and
tensile strength of PVA1799 are 208 and 25 MPa,
respectively, whereas the Young’s modulus and tensile
strength of PVA2488 are 128 and 32 MPa, respectively.
The Young’s modulus and tensile strength of the

200 µm 200 µm 200 µm 200 µm 200 µm

20 µm 20 µm 20 µm 20 µm 20 µm

(a) (b) (c) (e)(d)

Fig. 2: SEM images of MCs (upper) and MCs shells (lower) prepared with PVA1778 (a),PVA1788 (b), PVA1799 (c), PVA0588 (d),
and PVA2488 (e) as emulsifiers
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Table 1: Thermal weight loss data of MCs and capsule shells

PVA type T5%(MCs) /�C T5%(shell) /�C Residual (MCs) /% Residual (shell) /% g /wt%

0588 188 220 6.32 18.91 66.6
1778 186 205 5.97 18.65 68.0
1788 198 226 6.43 18.55 65.3
1799 226 234 7.71 20.11 61.6
2488 234 245 8.16 19.92 59.0
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PVA1799 and PVA2488 coatings films are higher than
that of PVA0588, PVA1778, and PVA1788 coatings films.
PVA1788 has the lowest modulus because the number
of hydrophilic hydroxyl groups in PVA molecules
decreases with the decrease in alcoholysis degree; the
ability of PVA molecules to form hydrogen bonds
decreases correspondingly, reducing the crystallinity of
PVA. The low number of hydrogen bonds and
crystallinity of PVA1778 lead to its low modulus.

Corrosion protection of self-healing 2K WPU

The as-prepared MCs were dispersed in the acrylate
emulsion at a concentration of 15 wt% and then mixed

with the curing agent, resulting in 2K WPU coatings
that were applied and compared with pure 2K WPU
coatings. Both the control and self-healing coating
specimens were scratched by artificial penetration with
a razor blade. Anticorrosion tests were conducted
under accelerated corrosion conditions (immersed in
3.5% NaCl aqueous solution), and the results are
shown in Fig. 6. After exposure to the 3.5% NaCl
solution for 24 h, visible rust corrosion appeared in the
scratched regions of the control specimen. Because of
the direct exposure to the corrosive solutions, severe
corrosion and further expansion of corrosion near the
scratched area of the control specimen were observed
over time to 48 h. However, the 2K WPU coatings
incorporated with the MCs exhibited excellent corro-
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Fig. 5: OM images of 2K WPU coatings with 15 wt% MC1778 (a), MC1788 (b), MC1799 (c), MC0588 (d), MC2488 (e)
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sion inhibition, especially the 2K WPU1799 and
WPU2488 coatings. The outstanding anticorrosion per-
formances of the self-healing coating on tinplate are
attributed to the fact that the released IPDI from MCs
formed a new barrier layer in the damaged area after
reaction with water. Different degrees of corrosion
appeared in the scratched regions of the 2K WPU0588,
WPU1778, and WPU1788 coatings. The larger size MCs
were broken because they could not withstand the
shear stress generated using the high-speed mixing
process, and the broken MCs had no self-healing
abilities.

Table 2 shows the film performance of the neat 2K
WPU and self-healing 2K WPU coatings. The addition
of 15 wt% MCs increased the coating’s hardness but

reduced the coating’s impact strength, adhesion, and
flexibility. Especially for MC1778, the impact strength of
the coating reduced to 15/20 kgÆcm, the adhesion to
grade 4, the flexibility to 3 mm, and the glossiness to 62.
This is because some MCs may have been broken
during the coating preparation process, resulting in the
outflow of the core material and subsequent reaction
with water to form PUA. This result can be attributed
to PUA’s high hardness and low toughness. Addition-
ally, as the size of the MCs increased, the gloss of the
coatings decreased due to the size of the MCs
exceeding the thickness of the coatings. Because the
MCs were partially exposed on the surface of the
coatings, the coatings were not smooth, resulting in a
declined gloss of the coatings. Although the perfor-

0 h

2K
WPU

2K
WPU0588

2K
WPU1778

2K
WPU1788

2K
WPU1799

2K
WPU2488

24 h

48 h

Fig. 6: Photographs of tinplate coated with neat 2K WPU and 2K WPU coatings incorporated with different types of MCs
after saline immersion test for different times. MCs content: 15 wt%

Table 2: Film performance of 2K WPU coatings loaded with different types of MCs

2K WPU types 2K WPU 2K WPU0588 2K WPU1778 2K WPU1788 2K WPU1799 2K WPU2488

Impact strength (positive/reverse)/kgÆcm 50/50 25/20 15/20 25/20 50/35 50/35
Glossiness 150±0.7 71±4.1 62±4.7 75±3.6 88±2.0 90±1.8
Adhesion/level 2 4 4 4 3 3
Pendulum hardness, s 298 317 314 315 312 309
Flexibility/mm 1 2 3 2 1 1

MCs content: 15 wt%
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mance of WPU1799 and WPU2488 coatings decreased
compared with that of the blank sample, the impact
was relatively small. MC1799 was selected for subse-
quent research based on its self-healing performance,
coating properties, and cost.

To further prepare coatings with a good film and
self-healing properties, a saline immersion test was
conducted on 2K WPU coatings with different MC
contents, and the results are illustrated in Fig. 7. After
24 h, the rusting process was visible in the coatings
containing 3 wt% MCs. However, no sign of rusting or
corrosion were visible for samples containing 9, 12, or
15 wt%MCs, even after 48 h of exposure to 3.5% NaCl
solution. The results reveal that the enhancement in
anticorrosion performance is obvious by increasing the
MCs content. The higher MC content led to a higher
amount of released healing agents into the scratch
area, which effectively improved the barrier perfor-
mance of the scratch area and the corrosion resistance
of the coatings.

Table 3 shows the coating performance of 2K WPU
in addition to its self-healing performance. The impact
strength, adhesion resistance, and gloss of the coating
decreased as the MCs content increases. When the
MCs content was reduced to 12 wt%, the adhesion was
equivalent to that of the blank one. When it was 6
wt%, the impact strength reached 50/50 kgÆcm, but the
self-healing performance was not good. Considering

comprehensively, the 2K WPU with 9 wt% MCs not
only maintained the coating performance of pure 2K
WPU, but also endowed the coating with excellent self-
healing properties.

Evaluation of self-healing performance by SEM

To investigate the self-healing properties of MC-
embedded films, 2K WPU samples with and without
MCs were prepared as described in the experimental
section. A scalpel blade was used to create an artificial
crack on the surface of the sample, and then, the
scratched samples were placed at ambient temperature
and humidity of 50%–70% for 48 h. The SEM images
of the cracked area on the blank or 2K WPU coating
with 9 wt% MCs are shown in Figs. 8a and b. Healing
was not observed in the blank WPU coating, whereas
the MC-embedded 2K WPU coating was nearly
completely healed, indicating that MCs-contained 2K
WPU coating has good self-healing properties. This is
because cracks on the coating surface resulted in the
rupture of a larger number of MCs.32 The released
healing agent (IPDI) diffused to the damaged area
under the action of siphon and reacted with water in
the air, filling the cracks accordingly. This demon-
strated that IPDI is an efficient core material for self-

0 h

2K
WPU

2K
WPU0588

2K
WPU1778

2K
WPU1788

2K
WPU1799

2K
WPU2488

24 h

48 h

Fig. 7: Photographs of tinplate coated with neat 2K WPU and 2K WPU coatings incorporated with different MCs content
after saline immersion test for different times. Conditions: PVA1799 as an emulsifier for preparing MCs
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healing in a 2K WPU matrix, with a sample containing
9 wt% MC1799 being repaired in 48 h.

Evaluation of 2K WPU coatings by EIS

EIS measurements can be used to monitor the self-
healing process of damaged areas in 2K WPU coat-
ings.33 Artificial scratches penetrating the coating were
applied on the blank and self-healing coating films and
then immersed in 3.5 wt% NaCl aqueous solution for 0,
12, 24, 36, and 48 h before the EIS test. Figure 9 shows
the Bode plot for the impedance response of the
tinplate substrate coated with blank and self-healing

coatings. The |Z| value of scratched pure 2K WPU
displays a significant impedance drop (from 1.10 9 107

to 2.29 9 105 at 10�2 Hz) with the prolongation of
corrosion time, which is due to water and ions
penetrating the scratched coating layer. This implies
that once microcracks are formed, the pure 2K WPU
coating will lose its anticorrosive properties. However,
the |Z| value of the scratched self-healing coating with
MCs shows a slight increase after immersion for 12 h
(from 1.09 9 107 to 7.51 9 107 at 10�2 Hz), and it is still
significantly higher (7.04 9 106) than that of the blank
coatings (2.29 9 105) after immersion for 48 h. It has
also demonstrated that the MCs can endow 2K WPU
coating with certain self-healing performance, and the

(a) (b)

25 µm 25 µm

Fig. 8: SEM images of blank 2K WPU coating (a) and the 2K WPU coating (9 wt% MC1799) (b)

Table 3: Coating performance of 2K WPU with different MCs content

MCs content /wt% 0 3 6 9 12 15

Impact strength (positive/reverse)/kgÆcm 50/50 50/50 50/50 50/45 50/40 50/35
Adhesion/level 2 2 2 2 2 3
Glossiness (60�) 150±0.7 121±2.7 116±2.3 110±2.5 97±1.9 88±2.0
Pendulum hardness, s 298 299 304 307 313 312
Flexibility/mm 1 1 1 1 1 1

PVA1799 as an emulsifier to prepare MCs
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Fig. 9: EIS results of the pure 2K WPU (a) and self-healing coating (b) soaked in 3.5% NaCl solution for different time (self-
healing coating with 9 wt% MC1799)
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newly formed PUA shows relatively high corrosion
resistance by preventing water from entering the
tinplate substrate.

Scheme 2 shows a schematic of MCs’ self-repair
mechanism. When cracks appear in the self-healing 2K
WPU coating, they pierce the MCs, releasing the IPDI
healing agent, which then reacts with water to form an
amine and carbon dioxide, and the amine then reacts
with isocyanate to form PUA, producing a new
protective barrier on the metal surface. The barrier
can effectively reduce metal substrate corrosion at the
crack, or inhibit the corrosion spread around the crack,
demonstrating a good self-healing and anticorrosion
function.

Conclusions

PVA-mediated interfacial polymerization in an oil-in-
water emulsion was used to synthesize MCs with IPDI
as the core. The size of MCs decreased as the
polymerization and alcoholysis degree of PVA in-
creased, and the thermal stability increased with the
increase of polymerization and alcoholysis degree of
PVA. The highly crosslinked composite capsule shell
provided excellent storage stability to MCs. The
obtained MCs exhibited excellent compatibility with
2K WPU paint. The film properties of the 2K WPU
coating decreased as MCs’ size and content increased.
The 2K WPU self-healing coating containing 9 wt%
MC1799 showed excellent self-healing and corrosion
resistance while maintaining good film properties. The
MCs are widely used in the field of metal corrosion,
providing attractive prospective applications in self-
healing coatings.
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