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Abstract: In order to prolong the effective time of the self-healing properties of waterborne coatings
containing shellac microcapsules coated with melamine rice husk powder (MRHP), three kinds of
MRHPs with better microscopic morphologies, which contain 2.8% (type A), 5.5% (type B), and 8.0%
(type C) of a rice husk powder (RHP), in shell materials were mixed according to three different
proportions, and added to the waterborne coatings based on Tilia europaea L., under the conditions of
the most proper addition amount of 6.0% microcapsules. The results indicated that the waterborne
coatings containing mixed microcapsules can still maintain the best state in terms of optical properties
and mechanical properties, with a chromatism of 1.10, an adhesion of zero, a hardness of 4H, an
impact resistance of 7 kg·cm, and an elongation at break of 35.28%, respectively. According to the
aging resistance test, the waterborne coating containing microcapsules “type A + type B + type C”
demonstrated a longer effective time. After aging for 200 h in the UV climate resistance test chamber,
the light loss rate at an incident angle of 60◦ was 2.91%. Through scratch testing, it is verified that the
mixed microcapsules can prolong the self-healing time, reduce the crack size, and achieve a coating
self-healing rate of 41.11%. They can also inhibit the crack growth rate to a certain extent. Roughness
tests indicated that the surface roughness of the coating with mixed microcapsules increased by
0.038 µm in comparation with the single microcapsule, but the surface can still remain smooth after
being covered by the topcoat without the microcapsules. Studying the ratio of mixed microcapsules
provides new ideas for the optimization of a wood-based coating self-healing effect.

Keywords: microcapsule; waterborne coating; self-healing; aging resistance; mixing ratio

1. Introduction

With the development of society, the furniture industry is moving towards a green,
sustainable, and material-saving direction [1–3]. Wood, due to its renewable, recyclable,
and naturally degradable green properties [4–6], is widely used in fields such as building
structures, furniture manufacturing, and papermaking [7–11]. However, wood has the
characteristic of drying shrinkage and wet expansion, and is prone to a cracking under
changes in environmental factors [12]. Typically, to extend the lifespan of wood products, a
coating is applied to the surface to shield it from external air, moisture, and other substances
for its protection [13,14]. The waterborne coating, which is environmentally and human-
health friendly, can protect wooden materials to a certain extent [15,16]. Using water as
a solvent enables a significant reduction in the usage of organic solvents [17,18]. The
evaporation of organic solvents leads to air pollution and poses a fire hazard. Waterborne
coatings, however, can mitigate these issues [19]. However, the waterborne coatings on
wood surfaces are notoriously limited in terms of mechanical properties compared with
traditional coatings [20]. With a positive response and the implementation of environmental
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policies in the furniture industry, waterborne wood coatings have gradually replaced
traditional wood coatings. Their application has become increasingly widespread within
the industry [21–23]. Therefore, it is necessary to explore new ways to optimize waterborne
wood coatings.

Microcapsules with a self-healing function have been widely used in the field of
coatings. Li et al. [24] prepared poly(urea-formaldehyde) shell-coated tung oil micro-
capsules via an in situ polymerization and added an epoxy resin to prepare a dual-
functional coating with self-healing and self-lubricating functions, which was suitable
for metal surfaces. Song et al. [25] synthesized isoflurane diisocyanate microcapsules with
a polyurethane/poly(urea-formaldehyde) double-shell structure by interfacial polymer-
ization and in situ polymerization. The coating incorporating the microcapsules demon-
strated an excellent self-healing effect and corrosion resistance in the artificial scratch
area. Tezel et al. [26] added epoxy microcapsules coated with poly(urea-formaldehyde)
and polyethyleneimine microcapsules coated with poly(melamine-urea-formaldehyde) to
epoxy–polyester acrylate resin to prepare a self-healing coating applied to the surface of
plexiglass, and, after two days, the artificial scratches were successfully repaired. Uzoma
et al. [27] used a mixture of fluorocarbon resin and urea–formaldehyde resin to coat fluorosi-
lane via interfacial polymerization to prepare a multi-stimulus wettability response coating,
and the coating achieved good hydrophobic and self-healing properties. The existing stud-
ies on the use of microcapsules to improve the self-healing properties of coatings mainly
focus on the repair of coatings with metal and glass substrates. However, the utilization of
microcapsules in waterborne coatings for the wood industry is still in the exploratory stage.

Shellac, a natural material [28], is commonly used in the resurfacing of wooden
furniture [29]. Dissolving shellac in ethanol as a core material solution allows for physical
curing at room temperature, effectively filling microcracks in acrylic resin. Melamine resin
is often used as a shell material for microcapsules [30]. On the other hand, the triazine ring
structure in the melamine resin also produces the disadvantages of insufficient toughness
and high brittleness [31]. Rice husk powder (RHP) is mainly composed of cellulose, which
is an environmentally friendly material with a low price, easy availability, and good
toughness [32,33]. The waterborne coating added with microcapsules of shellac as the core
material coated with melamine rice husk powder (MRHP) has a good self-healing ability
after being damaged by mechanical forces, high temperature, and ultraviolet light [34].
However, with a single proportion of RHP, the self-healing function can only take effect for
a short time. It may be improved by adding the different mixed kinds of microcapsules.
Therefore, this paper studies the optimal addition ratio of microcapsules with different
RHP contents for the aging resistance and self-healing properties of waterborne coatings.

Preliminary research results [35–37] showed that the optimal coating process of wa-
terborne coatings on the Basswood surface is “three times of primer, two times of topcoat,
adding 6.0% microcapsules to the primer”, and the optimal content of RHP is 5.5%. In this
paper, the microcapsules with 2.8% and 8.0% RHP in the shell material and the microcap-
sules with the optimal 5.5% RHP in the shell material were mixed in different proportions.
Then, the different types of mixed microcapsules were added to the waterborne coating,
and then applied to the Basswood board by the optimal coating process. To explore the ef-
fect of different types of mixed microcapsules, the optical properties, mechanical properties,
micromorphology, and chemical composition of the waterborne coatings were examined.
Aging resistance tests were carried out on waterborne coatings containing different types
of mixed microcapsules and a single microcapsule with the optimum content of RHP.
The findings of the research offer a solid technological foundation for the preparation of
self-healing microcapsules and self-healing coatings.

2. Experimental Section
2.1. Materials

The 37.0% formaldehyde solution (Mw: 30.03 g/mol, CAS No.: 50-00-0) was pur-
chased from Chengdu Minsheng Disinfectant Co., Ltd., Chengdu, China. Melamine
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(Mw: 60.06 g/mol, CAS No.: 57-13-6) was purchased from Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China. Triethanolamine (Mw: 149.18 g/mol, CAS No.: 102-71-6),
sodium dodecylbenzene sulfonate (Mw: 348.48 g/mol, CAS No.: 25155-30-0), and citric
acid monohydrate (Mw: 210.14 g/mol, CAS No.: 5949-29-1) were obtained from Xilong
Science Co., Ltd., Shantou, China. The RHP (100 mesh) was provided by Beijing Huajieqitai
Trading Co., Ltd., Beijing, China, which was ground by a powder machine. Shellac was
obtained from Shuangjiang Yuye Forest Chemical Products Co., Ltd., Lincang, China, which
was the Yunnan special grade II. Tilia europaea L. (Basswood, 100 mm × 65 mm × 4 mm)
was provided by Yunhe Youlin Wood Industry Co., Ltd., Lishui, China. Glass plates
(75 mm × 25 mm) were obtained from Jiangsu Feizhou glass plastic Co., Ltd., Yancheng,
China. Waterborne primer and finishing (waterborne acrylic copolymer dispersion, mat-
ting agent, additives, and water, 30.0% solid content) were provided by Changsha Haodu
Coatings Co., Ltd., Changsha, China. Absolute ethanol (99.5%, Mw: 46.07 g/mol, CAS No.:
64-17-5) was offered by Taicang Xintai Alcohol Co., Ltd., Suzhou, China.

2.2. Methods

(1) Preparation of melamine/RHP-coated shellac microcapsules

According to References [35,38], the microcapsules with an RHP content of 2.8%
(type A), 5.5% (type B), and 8.0% (type C) were prepared, using the melamine resin with
the added RHP as a shell material and the shellac solution as a core material. Table 1
provides a detailed list of the experimental raw material consumption.

Table 1. Detailed list of the experimental raw material consumption.

Type RHP Content (%) RHP (g) Melamine (g) 37% Formaldehyde Solution (g) Shellac (g)

A 2.8 0.25 5.00 10.00 6.64
B 5.5 0.50 5.00 10.00 6.83
C 8.0 0.75 5.00 10.00 7.01

(2) Preparation of self-healing waterborne coating

The ratios of different kinds of mixed microcapsules and the ingredients of waterborne
coatings are summarized in Table 2. The process of the waterborne coating was “three times
primer, two times topcoat, 6.0% microcapsules added in the primer”. Take sample 1# as an
example. After mixing the type A and type B microcapsules at a mass ratio of 1:1 evenly,
the 0.12 g of mixed microcapsules were weighed and added to 1.88 g of waterborne primer.
After stirring evenly, the waterborne primer containing 6.0% microcapsules was prepared
successfully. The 2.0 g of waterborne finishing was weighed for use. An appropriate amount
of primer was weighed with a special brush and applied evenly on the polished Basswood
board surface. Then, it was dried for 4 h in a cool and ventilated place. After gently sanding
the surface with 600-grit sandpaper, the debris was swept away with a clean brush. The
operation of the primer painting was repeated twice. Similarly, the finishing was also applied
twice, as described above. Finally, the coated Basswood board was dried at room temperature
for 24 h. Samples 2#–6# were all painted according to the same procedure.

Table 2. Ratio of different kinds of mixed microcapsules and waterborne coating components.

Coating
Number (#)

Kind of Mixed
Microcapsules

Mixing
Ratio (%)

Mass of
Microcapsules (g)

Mass of
Primer (g)

Mass of
Finish (g)

Mass of Waterborne
Coatings (g)

1 type A + type B 1:1 0.12 1.88 2.00 4.00
2 type B + type C 1:1 0.12 1.88 2.00 4.00
3 type A + type B + type C 1:1:1 0.12 1.88 2.00 4.00
4 type A 1 0.12 1.88 2.00 4.00
5 type B 1 0.12 1.88 2.00 4.00
6 type C 1 0.12 1.88 2.00 4.00
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2.3. Testing and Characterization

The HP-2136 chromatism meter (Shenzhen Threenh Technology Co., Ltd., Shenzhen,
China) was used to test the chromatism of the coating. L stands for lightness, a stands for
the red–green phase, and b stands for the yellow–blue phase. For the chromatism test, a
point on the coating was randomly selected and tested to obtain the values of L1, a1, and
b1. Similarly, another point was tested to obtain the values of L2, a2, and b2. According
to Formula (1), ∆L = L1 − L2 (lightness difference), ∆a = a1 − a2 (red/green difference),
∆b = b1 − b2 (yellow/blue difference), the chromatism ∆E was calculated as follows:

∆E = [(∆L)2 + (∆a)2 + (∆b)2]1/2 (1)

The HG268 intelligent gloss meter (Shenzhen Threenh Technology Co., Ltd., Shenzhen,
China) was used to test the gloss of the coating. According to GB/T 4893.6-2013 [39],
the gloss with three incidences of 20◦, 60◦, and 85◦ was recorded, respectively. A pencil
hardness tester (Cangzhou Jieke Instrument and Equipment Manufacturing Co., Ltd.,
Cangzhou, China) was used to test the surface hardness of the paint film according to GB/T
6739-2022 [40], while the QFH-HG600 coating film cross-cutting tester (Cangzhou Jinghong
Engineering Instrument Co., Ltd., Cangzhou, China) was used for testing the coating
adhesion according to GB/T 4893.4-2013 [41]. With a cutting tool, a grid was formed on
the coating and covered with tape. The tape was removed after 5 min. The adhesion level
of coating was determined according to the peeling situation of the coating on the tape.
The coating adhesion had 1–5 levels, and the samples in this study showed the best level 1.
According to GB/T 1732-2020 [42], the QCJ coating impact tester (Jinan Ruima Testing
Machine Manufacturing Co., Ltd., Jinan, China) was used to test the impact resistance of the
coating. The minimum height of the steel ball until the coating was damaged was recorded
as the impact strength of the paint film. A universal testing machine (Xieqiang Instrument
Manufacturing Co., Ltd., Shanghai, China) was used to determine an elongation at break
(E) according to the standard BS EN 15977-2011 [43]. The result was calculated according to
Formula (2), where L0 is the original marking distance of the sample, mm; L is the marking
distance when the sample was fractured, mm, as follows:

E =
(L − L0)

L0
× 100% (2)

A Quanta-200 scanning electron microscope (SEM, FEI Co., Ltd., Hillsboro, OR, USA)
was used to observe the microscopic morphology of the microcapsules and coatings. A
VERTEX 80V infrared spectrum analyzer (Germany Bruker Co., Ltd., Karlsruhe, Germany)
was used to analyze the chemical composition of the microcapsules and coatings.

The different samples were put into a 120 ◦C oven, a 160 ◦C oven, and an ultraviolet
(UV) weathering test chamber (Dongguan Jiedong Experimental Equipment Co., Ltd.,
Dongguan, China), respectively, to conduct an aging test on the coatings. The sample was
put in the oven, and the chromatism and gloss of the coatings were tested every 8 h for a
total of 40 h. The samples were placed in the UV weathering test chamber, tested every
40 h, and the change in the chromatism and gloss of the coatings was recorded for a total
of 200 h. The UV region was considered as 290–400 nm, and the illumination level was
0.08 W/cm2. The distance of the light source from the surface of the coatings was about
15 cm. One important evaluation method for detecting the degree of aging during coating
aging is the light loss rate (LLR). The 60◦ gloss was measured by the HG268 intelligent
gloss meter. As shown in Formula (3), A and B represent the measured values of gloss
before and after aging, and LLR was calculated as follows:

G =
(A − B)

A
× 100% (3)

In the scratch test, in order to observe the scratch morphology and the self-healing
effect of the waterborne coating more intuitively, the same coating process was used to
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evenly coat the waterborne coating on the surface of the glass plate. After drying at room
temperature, the coating was scratched with a thin blade. The scratch changes at 1 d,
3 d, 7 d, and 14 d were observed by a Zeiss Axio scope A1 biological microscope (OM,
Zeiss Optical Instruments International Trade Co., Ltd., Shanghai, China). According to
Formula (4), the self-healing rate of the paint film was calculated. Wb is the initial width of
the widest scratch, mm; Wa is the width of the scratch at the same position after healing,
mm, as follows:

W =
(Wb − Wa)

Wb
× 100% (4)

The roughness was measured using the fine roughness tester JB-4C (Shanghai Shunyu
Hengping Scientific Instrument Co., Ltd., Shanghai, China).

All experiments were repeated 4 times with an error which was less than 5.0%.

3. Results and Discussion
3.1. Morphology and Chemical Composition Analysis of Microcapsules with Different Contents
of RHP
3.1.1. Morphology Characterization of Microcapsules

The surface morphology of microcapsules with different contents of RHP is shown in
Figure 1. The microcapsules with RHP added to the shell material had uniform particle
sizes and good microcapsule morphologies. Figure 2 shows the particle sizes of the
microcapsules with different contents of RHP. Figure 2A–C illustrate the particle sizes
of the type A, type B, and type C microcapsules, respectively. Among them, the type B
microcapsule demonstrated uniform particle sizes for about 0–5 µm, with the shape of
round and uniform spheres. Meanwhile, the type A and type C microcapsules also had
similar morphologies, with particle sizes of 0–5 µm, and showed no agglomeration.
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3.1.2. Infrared Spectra Testing

Figure 3 shows the infrared spectra of four types of microcapsules. The absorption
peak at 1547 cm−1 was the stretching vibration of -NH- and belonged to the characteristic
peak of the melamine resin. The infrared spectrum of the microcapsule with RHP added
to the shell material had a peak change at 1157 cm−1. It can be speculated that this
peak was affected by the C-H vibration of the aromatic core of lignin in the RHP and the
antisymmetric stretching vibration peak of the C-O-C bridge bond, implying that the shell
material of the microcapsule contains RHP. The absorption peaks of the infrared spectra at
other positions of the microcapsules were consistent with those of the type A microcapsule,
that is, the chemical composition of the microcapsules did not change.
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3.2. Optical and Mechanical Properties Analysis
3.2.1. Chromatism

Table 3 shows the effect of mixed microcapsules in different proportions on the chro-
matism of the waterborne coatings. There was no significant difference in the effect of the
mixed microcapsules in different proportions on the chromatism of the waterborne coatings
because of the same coating process and similar morphologies of the microcapsules.

Table 3. Effect of mixed microcapsules in different proportions on the chromatism of waterborne
coatings.

Sample Number (#) L1 a1 b1 L2 a2 b2 ∆L ∆a ∆b ∆E

1 72.0 12.4 23.3 71.5 13.9 23.9 −0.5 1.5 0.6 1.69
2 70.3 13.3 31.0 70.6 12.5 29.8 0.3 −0.8 −1.2 1.47
3 70.8 13.8 27.7 70.6 14.2 28.7 −0.2 0.4 1.0 1.10
4 73.8 13.4 30.6 72.2 13.6 31.1 −1.6 0.2 0.5 1.69
5 67.2 15.0 28.2 67.8 15.3 28.8 0.6 0.3 0.6 0.90
6 68.5 15.8 32.0 69.1 15.2 30.8 0.6 −0.6 −1.2 1.47

3.2.2. Gloss

The gloss data are summarized in Table 4. From Table 4, the data show that the gloss
difference in samples 1#–5# is small, while sample 6#, which only contains the type C
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microcapsule, has a lower gloss. The reason for this is considered to be that the cellulose
distributed in the shell material of the microcapsules becomes non-uniform due to the
high content of cellulose powder, which makes it easier to agglomerate. Therefore, the
microcapsule type C is more likely to form into one cluster in the waterborne coating,
resulting in a decrease in the coating gloss. However, since it is added to the primer, it has
less effect on the overall coating.

Table 4. Effect of mixed microcapsules in different proportions on the gloss of waterborne coatings.

Sample Number (#) Gloss at the Incident Angle of 20◦ (%) Gloss at the Incident Angle of 60◦ (%) Gloss at the Incident Angle of 85◦ (%)

1 12.3 32.7 37.5
2 11.1 29.8 35.1
3 16.8 40.0 48.8
4 14.5 40.6 46.1
5 19.3 43.0 55.4
6 8.3 27.8 29.4

3.2.3. Mechanical Properties

Table 5 shows the hardness, adhesion, impact resistance, and elongation at break of
waterborne coatings with mixed microcapsules in different proportions. The difference in
adhesion and hardness between all samples was not significant because the microcapsules
were added to the primer of the waterborne coatings, and their adhesion and hardness
were mainly affected by the performance of the topcoat [44,45]. It was also shown that
the impact resistance was improved as the content of RHP in the microcapsules increased.
Among the samples 1#–3#, with microcapsules of “type B + type C”, the coating achieved a
better impact resistance than the others. However, all of the waterborne coatings containing
microcapsules of type A, such as samples 1#, 3#, and 4#, performed deficiently on the impact
resistance. For all of the samples, the elongation at break differed slightly. The toughness
of sample 3# was the best. It can be inferred that the mixed microcapsules increase the
toughness of the coating. In summary, the coating containing the mixed microcapsules
“type A + type B + type C”, which was sample 3#, was the best on the comprehensive
mechanical properties.

Table 5. Effect of mixed microcapsules in different proportions on the mechanical properties of
waterborne coatings.

Sample Number (#) Adhesion Hardness Impact Resistance (kg·cm) Elongation at Break (%)

1 0 4 H 5 33.71
2 0 4 H 10 26.05
3 0 4 H 7 35.28
4 0 4 H 5 28.62
5 0 4 H 10 30.90
6 0 4 H 10 23.59

3.2.4. Microstructure

It can be seen from the above results that, among all of the samples, there is no obvious
difference in the optical properties between samples 1# and 3#, with mixed microcap-
sules, and sample 5#, containing RHP microcapsules, as well as the mechanical properties.
Figure 4 shows the micromorphology of all of the coating samples observed by the SEM.
The results showed that samples 1#, 3#, 4#, and 5# were relatively smooth, while the coating
surfaces of samples 2# and 6# had obvious protrusions, and there were a few bubbles
in the coating of sample 6#. The reason may be due to the uneven distribution of the
cellulose powder that caused caking with the high concentration of cellulose powder in
the microcapsule shell increase. Therefore, the coating surface containing microcapsules
of type C showed obvious protrusions. For sample 2#, the proportion of microcapsules of
type C was large, and there were a few protrusions on the surface. The micromorphology
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of the coating surface of samples 1# and 3# containing mixed microcapsules was as good as
that of the coatings containing microcapsules of type B.
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3.3. Aging Resistance Performance Analysis

It can be concluded from the above results that, on the optical properties, mechanical
properties, and surface morphologies, both coatings of sample 1# “type A + type B” and
sample 3# “type A + type B + type C” differ little from the waterborne coating containing
the best microcapsule type B. In the aging test, samples 1# and 3# were selected and
compared with the waterborne coating containing microcapsules of type B. The prepared
coating samples with microcapsules of sample 1#, sample 3#, and the single RHP content
of 5.5% were divided into three groups and placed in different environments, including
the oven at 120 ◦C, the oven at 160 ◦C, and a UV climate resistance test chamber, and the
surface morphologies of the waterborne coatings were observed after the climate and aging
resistance tests.

3.3.1. Chromatism

As shown in Figure 5, in an oven at 120 ◦C, from 8 h to 40 h, the chromatism of the coating
containing microcapsules of “type A + type B” increased from 3.92 to 6.57. However, the
chromatism of the coating containing microcapsules of “type A + type B + type C” increased
from 3.07 to 3.79. Meanwhile, the chromatism of the coating containing microcapsules of type
B increased from 2.77 to 2.94. On the other hand, as shown in Figure 6, in an oven at 160 ◦C,
from 8 h to 40 h, the chromatism of the coating containing microcapsules of “type A + type B”
increased from 23.80 to 38.18, the chromatism of the coating containing microcapsules of
“type A + type B + type C” increased from 19.31 to 34.29, and the chromatism of the coating
containing microcapsules of type B increased from 19.70 to 30.51, respectively.

Figure 7 shows the results of the UV climate resistance test. In the UV climate resistance
test chamber, from 40 h to 200 h, the chromatism of the coating containing microcapsules
of “type A + type B” increased from 2.20 to 5.25 from 40 h to 200 h, the chromatism of the
coating containing microcapsules of “type A + type B + type C” increased from 2.05 to 4.19,
and the chromatism of the coating containing microcapsules of type B increased from 3.25
to 6.92, respectively.
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Figures 5–7 show that, with increasing aging time, the chromatism of all of the coatings
progressively intensifies. In the oven aging environment at 120 ◦C, the chromatism of the
coating with single microcapsules (type B) showed the smallest change. For the coating
with mixed microcapsules “type A + type B + type C”, it showed a similar result to the
coating with the single microcapsules in the first 16 h for the chromatism. Although its
chromatism became larger after 16 h, the change was similar and stable. In the oven
aging environment at 160 ◦C, the chromatism of the coatings with the two kinds of mixed
microcapsules and the single microcapsules showed an obvious change, but the change
values of the three samples were not much different. This is because the color of the
board surface changed as a result of the carbonization of the Basswood board itself at a
high temperature. In the aging environment of the UV climate resistance test chamber,
the chromatism of the coatings with two mixed microcapsules was smaller than that of
the coating with single microcapsules. The UV climate resistance test chamber had little
impact on the Basswood substrate and should not cause the discoloration of the wood.
The different microcapsules in coatings can be gradually broken during the aging process
to achieve anti-aging repair. Therefore, the coating containing the mixed microcapsules
performed better in the chromatism test than the coating containing the microcapsules with
a single content of RHP. According to Figure 7, it is noteworthy that the chromatism of
the coating containing microcapsules “type A + type B + type C” increased slowly and
smoothly from 40 h to 200 h, while the chromatism of the coating added with microcapsules
“type A + type B” increased drastically after 160 h. It can be judged that the chromatism of
the coating increased because of the failure of all of the microcapsules in the coating in the
later stage of aging.

3.3.2. LLR

The LLR at an incident angle of 60◦ was calculated as the reference data. In an oven at
120 ◦C, according to Figure 8, the LLR of the coating with microcapsules of “type A + type B”
reached 4.16% after 40 h, the LLR of the coating with microcapsules of “type A + type B + type C”
reached 2.18%, and the LLR of the coating with microcapsules of type B reached 2.13%.
This shows that the gloss of the coating does not decrease too much after aging at 120 ◦C.
In the 160 ◦C ovens, as shown in Figure 9, the LLR of the coating with microcapsules of
“type A + type B” reached 19.07% after 40 h, the LLR of the coating with microcapsules of
“type A + type B + type C” reached 15.78%, and the LLR of the coating with microcapsules of
type B reached 16.63%. In the UV climate resistance test chamber, as shown in Figure 10, the
LLR of the coating with microcapsules of “type A + type B” reached 5.13% after 200 h, the LLR
of the coating with microcapsules of “type A + type B + type C” reached 2.91%, and the LLR of
the coating with microcapsules of type B reached 3.80%. The results demonstrate that the LLR
of the coating and the aging time are positively correlated.

The aging resistance of the coatings with mixed microcapsules in different proportions
was compared with that of coatings with single microcapsules. The results showed that,
under the same optical and mechanical properties, the coating with mixed microcapsules
of “type A + type B + type C” achieved a better duration on aging resistance than coatings
with single microcapsules. After the aging test, it possessed better optical performance
than that with single microcapsules and performed better on the overall performance than
that with the mixed microcapsules of “type A + type B”.
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3.3.3. Microstructure

Figures 11–13 show the SEM images of three coatings, namely, containing microcap-
sules “type A + type B”, “type A + type B + type C”, and type B after the aging test (120 ◦C
and 160 ◦C) and UV weathering test. The compared SEM images before aging are shown
in Figure 4A,C,D. It can be observed from Figure 11 that, after aging in an oven at 120 ◦C,
no obvious cracks appeared on the surface of all three coatings, but the coating surface
containing the mixed microcapsules of “type A + type B” showed many bubbles and pro-
trusions. The reason can be considered due to the increase in LLR after aging. The coating
containing microcapsules “type A + type B + type C” and type B only showed small cracks.
Because most of the other parts are relatively smooth, the increase in the LLR is small.
After aging in an oven at 160 ◦C (Figure 12), three kinds of coatings possessed relatively
obvious cracks and bubbles. This indicates that the three coatings have substantially similar
aging resistance at this temperature. From the SEM images of the UV weathering test
chamber in Figure 13, for the coatings with “type A + type B” microcapsules and that
with type B microcapsules, both of the coating surfaces were damaged. The amount of
damage to the mixed microcapsule coating is greater than that of the single microcapsule
coating. Compared with others, there was no obvious damage on the surface of the coatings
containing microcapsules “type A + type B + type C”. In summary, the SEM observation
results were consistent with the gloss analysis results. The waterborne coating with the
mixed microcapsule exhibited notably enhanced anti-aging properties during heat aging or
UV aging, and maintained its integrity more effectively after the aging tests. The coating
containing microcapsules of “type A + type B + type C” had the best performance.
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3.3.4. Infrared Spectrum Analysis

Figure 14 illustrates the infrared spectra of the coating containing microcapsules
“type A + type B” before and after aging. The peaks at 2943 cm−1 and 2875 cm−1 belonged
to methyl and methylene characteristic absorption, respectively. The absorption peak at
1731 cm−1 was the C=O stretching vibration peak [46]. The carbon and oxygen in the ester
group at 1166 cm−1 was the characteristic absorption peak of a single bond. After the
coating aging test, there was no change in the vibration absorption peak, implying that
the coating did not undergo chemical reaction during the aging process, and the coating
performance was stable. Figure 15 shows the infrared spectra of the coating containing
microcapsules “type A + type B + type C” before and after aging. No peaks disappeared or
new peaks appeared after the aging. The aging test results have shown that different aging
environments have little effect on the coating composition of different mixed microcapsules.

3.4. Self-Healing Performance Analysis

It can be observed from the above results that the optical properties and microscopic
morphologies of the microcapsule-containing coatings with “type A + type B + type C” are
similar to those of the single-proportion microcapsule coating. In addition, the microcapsule
coating containing “type A + type B + type C” also performed well in mechanical properties
and had better anti-aging properties. Therefore, scratch tests were performed on coatings
containing microcapsules of “type A + type B + type C” to verify the effect of RHP mixed
with microcapsules on the self-healing ability.

The scratched coating was placed in a normal environment, and the changes in the
crack size were observed for 1 day, 3 days, 7 days, and 14 days. Figure 16 illustrates the
microstructure of the scratched coating containing microcapsules “type A + type B + type C”.
The scratch size was 32.88 µm on day 1, 23.53 µm on day 3, 19.36 µm on day 7, and 20.74 µm
on day 14, respectively. The best self-healing rate of the coating was 41.11% on the 7th day.
For the sample with single microcapsules [35], the self-healing rate was high after 7 days, at
33.4%, and the crack size decreased from 30.67 µm to 20.42 µm on day 7. In contrast, the
mixed microcapsules had a higher self-healing rate than the single microcapsules. Due to
the mixing of microcapsules with different toughness in the coating, when cracks occur, the
microcapsules will not be completely broken, but gradually broken, which has a significant
impact on the cracks and lasts for a long time. The scratch test results show that, by mixing
three types of microcapsules, the self-healing performance can achieve maximization. The
microcapsule coating containing “type A + type B + type C” has better stability and longer-
lasting self-healing ability.

Zhu et al. [47] modified CIP and CNT materials with microcapsules and mixed them
to prepare the waterborne coating with both self-healing and electromagnetic absorption
functions. The coating can be applied to wood materials with a self-healing rate of 33.9%.
Zou et al. [48] prepared a self-healing UV topcoat coating by in situ polymerization using
UV topcoat coating microcapsules of 6.0%, with a self-healing rate of 27.32%. Compared
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with these two coatings, the self-healing rate of the waterborne coating with microcapsules
mixed with different RHP contents was 41.11%, indicating a strong self-healing ability and
sustained effect.
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3.5. Roughness Test of Waterborne Coating with Mixed Microcapsules

Considering the different sizes of the microcapsules with different RHP contents,
the surface roughness test of the waterborne coatings mixed with microcapsules was
required. The roughness test results showed that the surface roughness of the waterborne
coating with the mixed microcapsules was 0.974 µm, while the surface roughness of that
with the single optimal microcapsules was 0.936 µm. Compared with the single optimal
microcapsule sample, the roughness of the mixed microcapsule sample was slightly worse,
which was increased by 0.038 µm. This shows that the uniformity of the microcapsule size
has a certain influence on the roughness of the coating.

However, under optimized coating process conditions, the topcoat without microcapsules
can effectively cover the primer coating with mixed microcapsules. Therefore, the roughness
does not change much, and the surface of the waterborne coating is relatively smooth.

4. Conclusions

The coatings containing the three mixed microcapsules had similar optical properties and
good mechanical properties. The mixed microcapsule coating of “type A + type B + type C”
exhibited the best optical and mechanical properties among all of the samples, with a chroma-
tism of 1.10, an adhesion of zero, a hardness of 4H, an impact resistance of 7 kg·cm, and an
elongation at break of 35.28%, respectively. The coating samples with the better comprehensive
performance of “type A + type B” and “type A + type B + type C” were selected to compare
with the coating containing the single microcapsule type B on the aging resistance and the
roughness test. The results showed that the coating with mixed microcapsules containing
“type A + type B + type C” had a longer repair validity period and a smoother surface. Scratch
testing showed that this mixed microcapsule coating also had longer self-healing properties
than a single microcapsule coating. The use of mixed RHP microcapsules for a waterborne
coating on a Basswood surface provides a scientific basis for self-healing and aging resistance of
multifunctional coatings.
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