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Abstract: An orthogonal experiment was conducted to prepare nine different coatings by changing
four influencing factors of shellac microcapsule content, carbonyl iron powder (CIP) content, the
content of carbon nanotubes (CNTs), and primer coating thickness. By testing the morphology
and performance of the shellac microcapsules, CIP, CNT blended coatings (SCCBC), and using the
elongation at tensile failure of the SCCBC as the orthogonal experimental analysis, it was determined
that the biggest factor affecting the elongation at tensile failure of SCCBC was the shellac microcapsule
content. With the aim of further optimizing the properties of the SCCBC, a single-factor experiment
was performed using shellac microcapsule content as the sole variable, and it was determined that
the SCCBC exhibited optimal performance when shellac microcapsule content reaches 4.2%. The
optical properties of SCCBC were tested, showing that there were minor fluctuations in the glossiness
and color difference of the SCCBC. The mechanical properties of SCCBC were tested. The presence of
shellac microcapsules can contribute to an improvement of the SCCBC toughness, restraining the
formation of microcracks, and have a certain self-healing effect. The electromagnetic wave absorption
properties of the mixed powder of shellac microcapsules, CIP and CNTs were tested. The CIP and
CNTs can enhance the electromagnetic wave absorption properties of the waterborne coating, but the
electromagnetic wave absorption properties were weaker in low-frequency bands. The SCCBC on
the surface of fiberboard not only have a self-healing effect, but also have a certain electromagnetic
wave absorption function through the mixing of shellac microcapsules, CIP, and CNTs, expanding
the application range of waterborne coatings for wood.

Keywords: microcapsules; waterborne coatings; electromagnetic wave absorption; self-healing

1. Introduction

Waterborne coatings are abrasion resistant and non-toxic, providing protection for
wooden furniture. However, the waterborne coatings will be damaged by external factors
during use, resulting in microcracks [1–6]. Self-healing microcapsules can have a certain
inhibitory effect on microcracks in waterborne coatings [7–11]. A melamine resin is non-
toxic and odorless, with a simple preparation process and compact material, making it
a good choice for microcapsule wall materials. As a natural material, shellac has the
characteristics of fast drying, strong adhesion, and high hardness. Applying the shellac as a
microcapsule core material to waterborne coatings on wood surfaces can effectively protect
the wooden substrates [12–14]. The shellac microcapsules prepared with the rosin-modified
yellow shellac solution have good self-healing, mechanical, and optical properties.

Electromagnetic wave absorption materials of the coating type can change their ab-
sorbency by adjusting the amount of absorbing powder added to the coating. This method
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is widely used due to its simple operation, strong material adaptability, low cost, and
better effect. The carbonyl iron powder (CIP) has benefits of high electromagnetic loss,
absorption frequency bandwidth, and low price, making it widely used in the domain of
absorption. However, as a result of its high density, its impedance matching performance is
poor, which affects its electromagnetic wave absorption performance [15–19]. The carbon
nanotubes (CNTs) have the advantages of absorbing frequency bandwidth, light weight,
and good electromagnetic shielding performance [20,21]. Mixing CIP with CNTs can not
only improve the shortcomings of poor impedance matching performance and high density
of CIP, but also enhance the absorbing performance [22,23].

The shellac microcapsules were used as the coating repair agent and blended with CIP
and CNTs. The waterborne coatings were prepared on the surface of fiberboard substrate
through orthogonal experiments. The results of the orthogonal experiments were analyzed,
and further single-factor experiments were conducted to prepare an electromagnetic ab-
sorbing coating with self-healing performance. The waterborne coatings on the fiberboard
surface not only have a self-healing effect but also have a certain absorbing function, ex-
panding the application range of waterborne coatings for wooden materials. Applying the
self-healing and electromagnetic wave absorption of dual-function coatings to the surface
of wooden materials reduces the impact of electromagnetic radiation on human bodies in
daily life and improves people’s living environments. The results offer a guidance for ap-
plying dual-function coatings with self-healing and electromagnetic absorption capabilities
on the surface of wooden materials.

2. Experimental Materials and Methods
2.1. Experimental Materials and Instruments

The materials used in this paper are detailed in Table S1. Table S2 shows the experi-
mental instruments.

2.2. Preparation of Shellac Microcapsules, CIP, CNT Blended Coatings (SCCBC)
2.2.1. Preparation of Shellac Microcapsules

The microcapsules used in the experiment are shellac microcapsules with a wall to
core ratio of 1:0.80 [24]. The specific preparation process is referred to the research by
Li [25].

2.2.2. Preparation of Shellac Microcapsules, CIP, CNT Blended Powders

Firstly, the CIP was placed in ethanol and ultrasonically agitated for 10 min. Then,
CIP was attracted by a strong magnet, and anhydrous ethanol and deionized water were
used to clean the CIP. After drying, the CIP with impurities removed was obtained [26].
Sodium dodecyl benzene sulfonate was added to deionized water at a mass fraction
of 0.1% as an emulsifier. After the sodium dodecyl benzene sulfonate was completely
dissolved, the shellac microcapsules, CIP, and CNTs were added to the emulsifier in
corresponding amounts. After being sonicated for one hour, the solution was placed to
a constant temperature oven at 60 ◦C until the water evaporates completely. The dried
blended material was ground into powder to obtain the required shellac microcapsules,
CIP, CNT blended powder.

2.2.3. Preparation of SCCBC on the Fiberboard

The L9 (34) orthogonal experiment was designed with content of shellac microcapsules,
CIP content, CNTs content, and primer coating thickness as the factors. The orthogonal
experimental factors and levels are detailed in Table 1. The orthogonal experimental
arrangement is detailed in Table 2, and the materials utilized for the orthogonal experiment
are detailed in Table 3. The # indicates the sample number unit. The powder was added to
the waterborne primer according to different content ratios, and the total amount of primer
was controlled to 4.00 g. According to Table 2, the SZQ four-sided coating preparation
machine was used to coat the primer on the fiberboard according to the required thickness
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of the waterborne primer. After drying for 24.0 h, the waterborne topcoat was treated in the
same way without adding powder, and the total thickness of the SCCBC were maintained
at 60 µm. After allowing the mixture to cure for 24.0 h, the mechanical, optical, and liquid
resistance properties of SCCBC on fiberboard surface were tested.

Table 1. Orthogonal experimental factors and levels.

Level Addition Amount of
Shellac Microcapsules (%)

Addition Amount of
CIP (%)

Addition Amount of
CNTs (%)

Primer Coating
Thickness (µm)

1 2.0 10.0 0 10
2 4.0 20.0 1.0 20
3 6.0 40.0 2.0 25

Table 2. Orthogonal experiment schedule.

Sample (#) Addition Amount of
Shellac Microcapsules (%)

Addition Amount of
CIP (%)

Addition Amount of
CNTs (%)

Primer Coating
Thickness (µm)

1 2.0 10.0 0 10
2 2.0 20.0 1.0 20
3 2.0 40.0 2.0 25
4 4.0 10.0 1.0 25
5 4.0 20.0 2.0 10
6 4.0 40.0 0.0 20
7 6.0 10.0 2.0 20
8 6.0 20.0 0.0 25
9 6.0 40.0 1.0 10

Table 3. Materials for orthogonal experiments.

Sample (#) Shellac
Microcapsules (g) CIP (g) CNTs (g) Deionized

Water (g)
Sodium Dodecyl

Benzene Sulfonate (g) Primer (g)

1 0.08 0.40 0 23.50 0.02 3.52
2 0.08 0.80 0.04 45.04 0.04 3.08
3 0.08 1.60 0.08 86.16 0.08 2.24
4 0.16 0.40 0.04 29.37 0.03 3.40
5 0.16 0.80 0.08 50.91 0.05 2.96
6 0.16 1.60 0 86.16 0.08 2.24
7 0.24 0.40 0.08 35.25 0.03 3.28
8 0.24 0.80 0 50.91 0.05 2.96
9 0.24 1.60 0.04 92.03 0.09 2.12

2.2.4. Preparation of SCCBC on the Glass Slide

The powder was added to the waterborne primer according to different content ratios.
The total amount of primer was controlled to 4.00 g, and it was stirred evenly. The SZQ
four-sided coating preparation machine (Table S2) was used to coat the primer on the glass
slide according to the required thickness of the primer. After drying for 24.0 h, the topcoat
was treated in the same way without adding powder, and the total thickness of the SCCBC
was maintained at 60 µm. After allowing the mixture to cure for 24.0 h, the SCCBC were
slowly scraped away by the blade, and the self-healing and elongation at the tensile failure
rate were tested.

In accordance with the experimental process described above, a single-factor exper-
iment was conducted, varying shellac microcapsule content at quantities of 3.0%, 3.4%,
3.8%, 4.2%, 4.6%, 5.0%, and 5.4%, respectively. The material for the single-factor experiment
is detailed in Table 4.
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Table 4. Material for a single-factor experiment.

Content of Shellac
Microcapsules (%)

Shellac
Microcapsules (g) CIP (g) CNTs (g) Water (g) Sodium Dodecyl

Benzene Sulfonate (g) Primer (g)

3.0 0.12 0.80 0.08 48.95 0.05 3.00
3.4 0.13 0.80 0.08 49.44 0.05 2.99
3.8 0.15 0.80 0.08 50.42 0.05 2.97
4.2 0.17 0.80 0.08 51.44 0.05 2.95
4.6 0.18 0.80 0.08 52.95 0.05 2.94
5.0 0.20 0.80 0.08 53.95 0.05 2.92
5.4 0.22 0.80 0.08 54.94 0.06 2.90

2.3. Testing and Characterisation
2.3.1. Microscopic Characterization

Scanning Electron Microscope (Table S2): The SCCBC were glued onto the sample tray
for gold spraying and vacuum pumping operations. The SCCBC were observed when the
vacuum is below 3 KPa.

2.3.2. Chemical Composition

The infrared spectrometer with an attenuated total reflection device was employed to
test the chemical constituent of the SCCBC. The SCCBC were placed on the observation
stage to facilitate the testing process.

2.3.3. Optical Properties

The color difference of the SCCBC was tested by the 3nhYS3010 color difference in-
strument. The sample was observed under directional observation CIE10◦, directional
illumination 45◦, and standard illumination D65 field of view. The color difference instru-
ment was placed in two different positions on the SCCBC to record the L1, a1, b1 values and
L2, a2, b2 values. The color difference ∆E between two positions was calculated according
to the CIELAB color difference formula, as shown in formula (1), where ∆L = L1 − L2,
∆a = a1 − a2, ∆b = b1 − b2. Among them, the L represents the brightness value of the
SCCBC, with a higher L value indicating a brighter SCCBC. The a represents the red–green
chromaticity value of the SCCBC; a higher value of a indicates a redder SCCBC and a
vice versa for greener SCCBC. The b represents the yellow–blue chromaticity value of the
SCCBC; a higher b value indicates a yellower SCCBC and a vice versa for bluer SCCBC.

∆E = [(∆L)2 + (∆a)2 + (∆b)2]1/2 (1)

The glossiness of the SCCBC were tested using a 3nhYG60S glossmeter at 20◦, 60◦,
and 85◦ incidence angles. According to the standard, the glossiness at 60◦ incidence angle
is applicable to all coatings. Therefore, the glossiness value at 60◦ incidence angle was
selected for analysis of the SCCBC glossiness [27].

2.3.4. Mechanical Properties

The adhesion of the SCCBC were tested by the QFH-A coating adhesion tester. Firstly,
the cutting tool was positioned vertically against the surface of the SCCBC, and it was
uniformly drawn at an appropriate distance. All cutting should slide through to the surface
of the substrate. Then, an equal number of parallel cutting lines intersecting at a 90◦ angle
to the original cutting lines were created, forming a grid. The adhesive strip was used to
paste flat above the grid, and the falling off of the coating after tearing was observed. The
adhesion of the coating is categorized into six levels: 0, 1, 2, 3, 4, and 5, which correspond
to the detachment areas of 0%, <5%, <15%, <35%, <65%, and >65%, respectively.

The hardness of the SCCBC were tested by the HT-6510P pencil hardness tester. The
9B-9H pencils were chosen from soft to hard. The pencil which was trimmed around 5 mm
of wood from the end was inserted into the apparatus, with the pencil tip aligned parallel
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to the coating surface, and it was pushed smoothly for a distance of at least 7 mm at a
velocity of approximately 0.5 mm/s. The pencil hardness was the maximum hardness of
the SCCBC when the SCCBC surface remains unharmed.

The impact resistance of the SCCBC were tested by the QCJ-40 coating impactor
(Table S2). The SCCBC was laid on a level base. The impactor was positioned above the
SCCBC, and the steel ball was centered at the impact location. The impactor was elevated
to a predetermined impact height, and then allowed to descend. Then, the SCCBC were
exposed to natural light, and the cracking of the SCCBC were examined using a magnifying
glass. When there is no occurrence of cracking or peeling in the SCCBC, the maximum
height attained represents the maximum impact resistance height.

Parallel to direction of coating elongation, the blade was used to create cracks on
the SCCBC. Mechanical tensile tests on three variations in coatings (unaltered SCCBC,
scratched SCCBC, and repaired SCCBC after 24.0 h) were performed using a universal
mechanical testing machine. Formula (2) is utilized to calculate the elongation at tensile
failure of the SCCBC in different states, which is used to demonstrate the repair result of
the SCCBC. The self-healing rate of the SCCBC was calculated according to formula (3) [28].

E = [(Lh − L0)/L0] × 100% (2)

Among them: E is the elongation at tensile failure of the SCCBC; Lh is the length of
the standard line measured by assembling the broken SCCBC; L0 is the initial length of
the SCCBC.

η = [(EH − ES)/(EI − ES)] × 100% (3)

Among them: η is the self-healing rate of the SCCBC; EH is the elongation at tensile
failure of the SCCBC after 24.0 h of repair; ES is the elongation at tensile failure of the
SCCBC following scratching; EI is the elongation at tensile failure of the original SCCBC.

2.3.5. Roughness

The SCCBC were placed on the experimental table, and coating roughness measure-
ments were conducted by gradually moving a diamond-tipped probe with a curvature
radius of approximately 2 µm across the surface. Ra represents the arithmetic average
roughness and the Ra value is the roughness of the SCCBC.

2.3.6. Liquid Resistance

A 75% ethanol aqueous solution, red ink solution, dishwashing liquid, and 15% NaCl
solution were selected to perform liquid resistance tests on the SCCBC. The 75% ethanol
aqueous solution represents neutral fluids, the red ink solution signifies more heavily
colored fluids, the dishwashing liquid symbolizes everyday products, and the 15% NaCl
solution represents alkaline fluids. These four items encompass the majority of liquid types
that furniture could encounter during its regular usage. In the course of preparation, four
pliable filter paper sheets were submerged in their corresponding testing solutions for a
span of approximately 30 s. Then, these sheets were positioned onto the surface of the
SCCBC, and extracted following a duration of 24.0 h. Surplus solution was then eliminated
from the surface, and the extent of damage within the test area was scrutinized. The
assessment to determine the liquid resistance level was performed. The liquid resistance
level is categorized into levels 1 to 5, with the evaluation standard elucidated in Table 5.
The color difference and glossiness of the experimental area were simultaneously observed.
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Table 5. Evaluation standard for liquid resistance level of SCCBC.

Liquid Resistance Level Standard

1 No modification is observed in the coating.

2 A slight change in color becomes visible as the light source
moves nearer.

3 There are slight marks that can be observed.

4 The imprints are quite severe, but the overall structure and
appearance of the coating remains unchanged.

5 Severe imprinting, changes in material structure, such as
blistering, cracking.

2.3.7. Electromagnetic Wave Absorption Performance

The electromagnetic properties of the prepared samples were evaluated by employ-
ing the Agilent E8363C vector network analyzer (Table S2). Theoretical reflection loss
(RL) of the samples was computed utilizing a transmission line theory. A decrease in
theoretical reflection loss values signifies an enhanced absorption performance of the mate-
rial. The electromagnetic wave absorption performance test was conducted on the shellac
microcapsules, CIP, CNT blended powders.

All tests mentioned above were repeated on four times, and the error was less
than 5.0%.

3. Results and Discussion
3.1. Analysis of Orthogonal Experimental Results

The elongation at tensile failure of a coating refers to the degree to which a coating
can deform and stretch under a tensile action. It represents the ductility of the coating
and is a significant indicator of the tensile and fracture resistance of coating. Therefore,
the elongation at tensile failure of the coating is taken as the orthogonal experimental
result. In orthogonal experiments, a range is an indicator used to evaluate the degree of
change in experimental results caused by different factors. Specifically, each factor in the
orthogonal experimental design has multiple levels, and each level corresponds to a mean.
The difference between different means represents the average impact of different factors
on the experimental results. The larger the disparity in means among various factors,
the more pronounced the influence of that factor on the trial outcomes. Conversely, the
smaller the difference between the mean values of different factors, the less the impact of
the factor on the experimental results. The range analysis of the elongation at tensile failure
of the SCCBC is shown in Table 6, and the effect curve of the elongation at tensile failure is
detailed in Figure 1. The analysis of the range of results reveals that shellac microcapsule
content has the greatest impact on the elongation at tensile failure of the SCCBC, followed
by the content of CNTs. The content of CIP and the thickness of the primer coating have a
smaller impact. According to the variance analysis of the elongation at tensile failure of
the SCCBC, the results of the variance analysis for the four factors mentioned above are
compliant with the range analysis results. Combining the mean range values in Figure 1
and Table 6, it can be concluded that the elongation at tensile failure of the SCCBC is better
when the CIP content is 20.0%, the CNTs content is 2.0%, and the primer coating thickness
is 25 µm. Therefore, the CIP content was determined to be 20.0%, the CNTs content to
be 2.0%, and the thickness of the primer coating to be 25 µm. The surface changes in the
fiberboard before and after coating are detailed in Figure 2.
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Table 6. Analysis of range of the elongation at tensile failure of the SCCBC.

SCCBC Shellac
Microcapsules (%) CIP (%) CNTs (%) Primer Coating

Thickness (µm)
Elongation at Tensile

Failure (%)

1 # 2.0 10.0 0 10 0.3
2 # 2.0 20.0 1.0 20 1.0
3 # 2.0 40.0 2.0 25 1.6
4 # 4.0 10.0 1.0 25 1.8
5 # 4.0 20.0 2.0 10 2.6
6 # 4.0 40.0 0 20 1.5
7 # 6.0 10.0 2.0 20 1.4
8 # 6.0 20.0 0 25 1.6
9 # 6.0 40.0 1.0 10 1.0

mean value 1 0.992 1.183 1.125 1.317
mean value 2 1.958 1.717 1.292 1.317
mean value 3 1.342 1.392 1.875 1.658

Range 0.966 0.534 0.750 0.341
DEVSQ 1.536 0.496 0.916 0.269

degrees of freedom 2 2 2 2
F ratio 1.910 0.617 1.139 0.334

F critical value 4.460 4.460 4.460 4.460
significance
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3.2. Analysis of Optical Properties of SCCBC

Measuring two different positions of the same sample indirectly measures whether the
dispersion of microcapsules in the SCCBC is uniform by comparing the color differences
between the two positions. The chromaticity values and color differences of the SCCBC are
detailed in Table 7. With the increasing amount of shellac microcapsules added, the SCCBC
exhibits an incremental rise in color difference, but the overall change is not significant.
This is because CIP and CNTs are both black, and when blended with the coating, the color
of the SCCBC appears black. Changing the content of CIP and CNTs, the degree of black
change in the SCCBC is still not significant, thus having a small impact on color difference.
The color difference of the SCCBC remains nearly unaffected when the amount of shellac
microcapsules is below 4.2%. When the amount of shellac microcapsules added is 5.4%, the
maximum color difference reaches 2.08. The reason may be that when there is an excessive
amount of shellac microcapsules, the relative content of shellac microcapsules, CIP, CNTs
blended powders in the waterborne primer increases, and it cannot be uniformly dispersed
in the waterborne coating, resulting in a small amount of aggregation, which increases the
color difference [29–31].

Table 7. Chromaticity value and color difference of SCCBC.

Content of Shellac
Microcapsules (%) L1 a1 b1 L2 a2 b2 ∆L ∆a ∆b ∆E

0 49.60 9.12 25.32 49.65 9.19 25.6 −0.05 −0.07 −0.28 0.29
3.0 25.31 0.95 1.83 24.87 1.52 1.64 0.44 −0.57 0.19 0.74
3.4 24.07 1.01 1.79 23.98 0.65 0.96 0.09 0.36 0.83 0.91
3.8 22.30 −0.29 0.45 23.07 0.58 0.79 −0.77 −0.87 −0.34 1.21
4.2 21.35 0.66 0.62 20.23 0.31 0.15 1.12 0.35 0.47 1.26
4.6 19.33 0.38 0.13 20.87 0.96 0.78 −1.54 −0.58 −0.65 1.77
5.0 20.58 −0.16 0.84 18.87 0.46 0.43 1.71 −0.62 0.41 1.85
5.4 18.09 0.75 0.35 19.83 −0.26 0.88 −1.74 1.01 −0.53 2.08

The glossiness values of the SCCBC are detailed in Table 8. With the increasing amount
of shellac microcapsule content, the SCCBC exhibits an incremental decrease in glossiness.
When the shellac microcapsule content is between 3.0% and 4.2%, the glossiness of the
SCCBC hardly changes. However, when it surpasses 4.2%, the glossiness of the SCCBC
decreases significantly, with a minimum of 18.6 GU. This is because shellac microcapsules
are a solid powder. With the rising quantity of shellac microcapsules, the powder in the



Coatings 2023, 13, 1572 9 of 18

SCCBC also increases. This change impacts the surface smoothness and mirror reflection
capability of the SCCBC, leading to a gradual reduction in glossiness as shellac microcapsule
content rises [32].

Table 8. Glossiness values of SCCBC with different microcapsule contents.

Content of Shellac
Microcapsules (%) 20◦ Glossiness Value (GU) 60◦ Glossiness Value (GU) 85◦ Glossiness Value (GU)

0 20.5 50.1 52.4
3.0 19.4 46.4 49.1
3.4 18.3 44.3 48.6
3.8 17.3 44.4 49.8
4.2 13.9 37.8 45.3
4.6 6.4 23.2 29.1
5.0 4.9 20.2 25.1
5.4 4.3 18.6 23.6

3.3. Analysis of Mechanical Properties and Roughness of SCCBC

The mechanical properties and roughness of the SCCBC are detailed in Table 9. The
adhesion level of the SCCBC gradually increases with the rising quantity of shellac micro-
capsules, indicating a gradual decrease in the adhesion of the SCCBC. The reason for this
is the inclusion of powder in the primer. With a gradual rise in powder content, the SC-
CBC experiences an increase in particulate matter. Consequently, this affects the adhesion
capability between the SCCBC and the wooden substrate, resulting in a reduction in the ad-
hesion of the SCCBC. When the content of shellac microcapsules is below 4.2%, the SCCBC
adhesion level is 1–2, which is slightly worse than the adhesion ability in previous research
results [33], but has little impact on the SCCBC. The hardness of the SCCBC gradually rises
with the increasing amount of powder content, reaching a maximum of 4H. The shellac
microcapsules have a certain volume and shape, and adding them to waterborne coatings
can fill the gaps and pores in the coating matrix. The addition of shellac microcapsules
increases the solid content of coatings, thereby increasing the density of the coating and
gradually increasing the hardness of the SCCBC [34]. As the powder content increases, the
impact resistance of the SCCBC follows a pattern of first rising and then declining. When
the shellac microcapsule content reached 4.2%, the impact resistance of the SCCBC was the
highest, reaching 15 kg·cm. By comparison with the coating without microcapsules, the
impact resistance is significantly enhanced. This is because adding shellac microcapsules
can increase the hardness of the SCCBC, but the toughness of the SCCBC decreases, making
it prone to cracks under external impact, resulting in a decrease in the impact resistance of
the SCCBC [35]. The change in roughness of SCCBC with different microcapsule contents
is detailed in Figure 3. The roughness of the SCCBC gradually increases with the increase
in shellac microcapsule content. The shellac microcapsules are powders, and an increase in
the content of shellac microcapsules in the coating will inevitably affect the smoothness of
the coating surface, leading to an increase in SCCBC roughness.

Table 9. Mechanical properties and roughness of SCCBC.

Content of Shellac
Microcapsules (%) Adhesion (Degree) Hardness Impact Resistance

(kg·cm) Roughness (µm)

0 1 H 6 0.489
3.0 1 H 7 2.151
3.4 1 H 9 2.365
3.8 2 2H 11 2.564
4.2 2 2H 15 2.593
4.6 3 3H 13 2.826
5.0 4 3H 12 3.024
5.4 4 4H 9 3.125
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3.4. Analysis of the Elongation at Tensile Failure and the Self-Healing Rate of SCCBC

The results of the elongation at tensile failure of the SCCBC are detailed in Table 10. The
elongation at tensile failure of the original coating with the addition of shellac microcapsules
is higher than that without the addition of microcapsules. This is because shellac has high
strength viscosity and is elastic. Upon the occurrence of external factors causing damage
to the coating, the wall material of the microcapsule ruptures, and shellac flows out to
strengthen the toughness of the coating. Therefore, the addition of microcapsules can
enhance the tensile resistance of the SCCBC [36]. When there is an excessive amount of
shellac microcapsules, the elongation at tensile failure of the SCCBC gradually increases.
When the amount of shellac microcapsules added reaches 4.2%, the elongation at tensile
failure of the SCCBC reaches the maximum of 8.2%. As the amount of shellac microcapsules
added further increases, the elongation at tensile failure of the SCCBC decreases gradually.
This is due to the fact that an excessive content of shellac microcapsules leads to an increased
proportion of powder in the coating. As a result, the dispersion of the powder within the
coating becomes uneven, causing a reduction in the toughness of the SCCBC and making it
more prone to becoming brittle and fracturing. According to formula (3), the self-healing
rate of the SCCBC was calculated, and the coating without adding microcapsules does
not have a repair effect. This is because when the coating produces scratches, the lack of
repair agents in the coating further expands the microcracks under environmental influence.
When the amount of microcapsules increased from 3.0% to 4.2%, the self-healing rate of
the SCCBC increased by 11.6%. When the content of shellac microcapsules reaches 4.2%,
the repair effect of the SCCBC was the best, reaching 24.1%. When the amount of shellac
microcapsules increased from 4.2% to 5.4%, the self-healing rate of the SCCBC decreased
by 12.6%. The reason for this is that when the content of shellac microcapsules is low, the
shellac microcapsules can be evenly scattered in the SCCBC. When the SCCBC is damaged
by external factors, the microcracks occur. In the meanwhile, the shellac core material flows
out of the microcapsules and cures at room temperature, bridging the microcracks, which
plays a positive role in suppressing and repairing the microcracks in the SCCBC. When
shellac microcapsule content is too high, on the one hand, the toughness of the SCCBC
itself decreases, which affects the repair effect of the shellac core material. On the other
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hand, the high content of shellac microcapsules leads to uneven dispersion in the SCCBC,
which can lead to inconsistent repair effects of the SCCBC. The excessive accumulation of
shellac microcapsules in some areas may result in more repair, while the areas with less
distribution of shellac microcapsules have reduced repair performance [37].

Table 10. Elongation at tensile failure and self-healing performance of SCCBC.

Content of
Microcapsules (%)

Elongation at Tensile Failure (%)
Self-Healing Rate (%)

Original Sample After Scratching After Repairing

0 5.3 3.8 3.1 -
3.0 5.8 4.2 4.4 12.5
3.4 6.3 4.3 4.7 20.0
3.8 6.7 4.8 5.2 21.1
4.2 8.2 5.1 5.8 24.1
4.6 7.8 4.8 5.3 16.7
5.0 7.3 4.7 5.1 15.4
5.4 6.9 4.3 4.6 11.5

3.5. Analysis of Liquid Resistance of SCCBC

The liquid resistance levels of SCCBC with different contents of shellac microcapsules
are detailed in Table 11. Figures 4 and 5 show the changes in color difference and glossiness
of SCCBC with different shellac microcapsule contents following liquid resistance compared
to the untreated sample. The liquid resistance grade of level 1 is attributed to the SCCBC
in the presence of 75.0% ethanol solution, dishwashing liquid, and 15.0% NaCl solution,
indicating that these three solutions have almost no effect on the SCCBC. The cold resistance
level of the red ink solution was level 5, indicating that the red ink solution has the greatest
damage to the SCCBC. This is because the red ink solution contains solvents such as
alcohol and ether, which can damage the SCCBC, dissolve the SCCBC, and disperse in the
solvent, causing varying degrees of infiltration of red ink solution. After the SCCBC were
treated with 75.0% ethanol solution, dishwashing liquid, and 15.0% NaCl solution, the color
difference changed within 6. The red ink solution had the most significant effect on the
color difference of the SCCBC, indicating that the red ink solution caused serious damage
to the SCCBC. For different solutions, the overall glossiness shows a gradually decreasing
trend. Due to the presence of powder, the smoothness of the SCCBC is affected, resulting
in a decrease in glossiness. Additionally, the SCCBC surface after liquid resistance testing
exhibits imprints similar to those left after liquid drying, which also affects the glossiness
of the SCCBC.

Table 11. Liquid resistance level of SCCBC with different microcapsule contents.

Content of Shellac
Microcapsules (%)

Liquid Resistance (Level)

75.0% Ethanol Solution Red Ink Solution Dishwashing Liquid 15.0% NaCl Solution

0 1 4 1 1
3.0 1 4 1 1
3.4 1 4 1 1
3.8 1 4 1 1
4.2 1 5 1 1
4.6 1 5 1 1
5.0 1 5 1 1
5.4 1 5 1 1
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3.6. Analysis of Microscopic Characterization of SCCBC

The microstructure of the SCCBC under different levels of shellac microcapsule content
is detailed in Figure 6. There are some agglomeration phenomena on the surface of SCCBC
with different levels of shellac microcapsules. This is because the microcapsules themselves
are small particles, and the dispersion of CIP and CNTs in waterborne coatings is poor. As
shellac microcapsule content increases, the surface agglomeration of the coating becomes
more obvious. The surface of the coating with added 4.6% shellac microcapsules becomes
more uneven, and the impact on the appearance and smoothness of the SCCBC increases.
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3.7. Infrared Analysis of SCCBC

As can be seen from Figure 7, the absorption peak at 1547 cm−1 is attributed to the
stretching vibration of -NH-, and the appearance of the peak at 813 cm−1 corresponds to the
bending vibration of the triazine ring, characteristic of melamine resin. This confirms the
successful preparation of melamine resin. Shellac, as an animal resin, is a natural polymer
with functional groups such as -OH, -COOH, and -COOC in its molecular structure. The
absorption peaks at 2870 cm−1 and 2929 cm−1 are ascribed to the stretching vibration of
C-H bonds in methyl (-CH3) and methylene (-CH2-) groups. The sharp peak at 1725 cm−1

corresponds to the stretching vibration of C=O bonds in polyester. The absorption peak at
3357 cm−1 is indicative of the stretching vibration of free hydroxyl (-OH) groups, while the
range between 1620 cm−1 and 1450 cm−1 represents the skeletal stretching vibrations of
benzene rings [38]. After conducting an analysis of these findings, it can be inferred that
the inclusion of the shellac microcapsules, CIP, CNT blended powders has no impact on
the original chemical composition of the coating.
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3.8. Analysis of the Electromagnetic Wave Absorption Performance of Shellac Microcapsules, CIP,
CNT Blended Powders

Based on the above analysis, it can be concluded that the SCCBC exhibits favorable
overall performance when the content of shellac microcapsule is 4.2%. Therefore, the
blended powder in the SCCBC corresponding to a microcapsule content of 4.2% was tested
for its electromagnetic wave absorption performance. At this time, the shellac micro-
capsule content was 16%, the CIP content was 76.4%, and the CNTs content was 7.6%.
Figures 8–10 show the absorption performance of the shellac microcapsules, CIP, CNT
blended powders. Compared with the research by Zhou [39], it can be seen that shellac
microcapsules, CIP, CNT blended powders have a certain electromagnetic wave absorption
ability. From Figure 8, it can be seen that the real part of the dielectric constant e′ of the
shellac microcapsules, CIP, CNT blended powders shows a decreasing trend as a whole.
The imaginary part e′′ of the dielectric constant fluctuates around 9.0, which is probably
caused by the dielectric polarization density and relaxation of the shellac microcapsules,
CIP, CNT blended powders in this band, indicating that the shellac microcapsules, CIP,
CNT blended powders have electrical loss characteristics. From Figure 9, it can be seen that
the imaginary part of the magnetic permeability µ′ gradually decreases when the frequency
increases, indicating that the magnetic loss performance of the shellac microcapsules, CIP,
CNT blended powders gradually weakens. However, all µ′′ values are positive, indicating
that the shellac microcapsules, CIP, CNT blended powders are absorbing radiation within
this range. The shellac microcapsules, CIP, CNT blended powders achieved a theoretical
minimum reflection loss of −7.94 dB at a matching thickness of 1.5 mm and 11.8 GHz, with
a frequency band less than −5 dB ranging from 8.2 GHz to 17 GHz. From Figure 10, it can
be seen that the electromagnetic wave absorption performance of shellac microcapsules,
CIP, CNT blended powders in the low-frequency band is not good. This is because un-
modified CIP itself has some defects. For example, at high frequencies, as the frequency
increases, the magnetic permeability decreased, making it difficult to obtain relatively high
magnetic permeability and meet the requirements of high electromagnetic wave absorption
performance. Additionally, the CIP has a high density and poor antioxidant ability, which
can reduce the electromagnetic wave absorption performance. Although adding CNTs can
improve the density of CIP to some extent, the overall impedance matching is still poor.
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4. Conclusions

The biggest factor affecting the elongation at tensile failure of the SCCBC is the shellac
microcapsule content, followed by the content of CNTs, the CIP content and primer coating
thickness. With an increase in microcapsule content, the color difference of SCCBC shows a
gradual increment, the reason for this is as shellac microcapsule content gradually increases,
the relative content of shellac microcapsules, CIP, CNT blended powders in waterborne
primers increases, which is prone to aggregation and increases color difference. The
glossiness decreases gradually with the increasing amount of shellac microcapsule content,
this is because shellac microcapsules impact the surface smoothness and mirror reflection
capability of the SCCBC, leading to a gradual reduction in glossiness as shellac microcapsule
content rises. The increase in shellac microcapsule content gradually increases the adhesion
level, hardness, and roughness of the SCCBC, the reason for this is the inclusion of powder
in the primer. With a gradual rise in powder content, the coating experiences an increase in
particulate matter. Consequently, this affects the adhesion capability between the coating
and the wooden substrate, resulting in a raise in the adhesion level of the SCCBC. At
the same time, the shellac microcapsules, CIP, CNT blended powders can fill the gaps
and pores in the coating matrix. The addition of shellac microcapsules increases the solid
content of coatings, thereby increasing the density of the SCCBC and gradually increasing
the hardness of the SCCBC. The impact resistance, the elongation at tensile failure of the
SCCBC and self-healing performance of SCCBC show a trend of increasing first and then
decreasing, this is because adding shellac microcapsules can increase the hardness of the
SCCBC, but excessive addition can lead to a decrease in the toughness of the SCCBC.
Therefore, the cracks are prone to occur under external forces, resulting in a decrease
in the impact resistance, the elongation at tensile failure of the SCCBC and self-healing
performance of SCCBC. The SCCBC had a better liquid resistance to 75.0% ethanol solution,
dishwashing liquid, and 15.0% NaCl solution, but a poor liquid resistance to red ink
solution. The addition of shellac microcapsules, CIP, CNT blended powders did not alter
the original chemical structure of the coating. When the shellac microcapsule content is
4.2%, CIP content is 20.0%, CIP/CNTs content is 2.0%, and the primer coating thickness
is 25 µm, the comprehensive properties of the SCCBC is the best. In the meanwhile, the
color difference of the SCCBC reaches 1.26, the glossiness at 60◦ incidence angle is 37.8 GU,
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the adhesion is level 2, the hardness is 2H, the impact resistance is 15 kg·cm, and the
roughness is 2.593 µm. The elongation at tensile failure of the SCCBC is 8.2%, and the
self-healing rate is 24.1%. When the CIP content is 76.4%, CNTs content is 7.6%, and
shellac microcapsule content is 16%, the theoretical minimum reflection loss is −7.94 dB at
a matching coating thickness of 1.5 mm and frequency band of 11.8 GHz. The frequency
band below −5 dB is 8.2–17 GHz. The experimental results provide a reference for the
preparation of electromagnetic wave absorption and self-healing dual-function coatings on
the surface of wooden materials.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings13091572/s1, Table S1: Experimental materials; Table S2: List
of experimental instruments.
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