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ABSTRACT: Propane—1,2,3-triol-loaded polysulfone (PSF) microcapsules were prepared by the
solvent evaporation method. The particle size of the microcapsules is about 140 ym. The shell wall
thickness is about 17 um approximately. The microcapsules have high thermal stability and
antiwear performance. The self-healing coating was prepared by adding the prepared capsule into
the epoxy resin coating. After electrochemical and corrosion immersion experiments, the resistance
modulus of the coating added to the microcapsules was higher than the others in a 3.5 wt % NaCl
corrosion solution, and it had the lowest corrosion current density, so the self-healing
microcapsule coatings showed excellent healing ability and corrosion inhibition function for
microcracks. This was attributed to the formation of a hydrophobic film after propane—1,2,3-triol

was released from the damaged microcapsules.

1. INTRODUCTION

Many coatings with different functions are used to improve the
properties of metal materials,' > such as superhydrophobic
coating,”* antibacterial coating,”” heat-insulating coating,*” and
self-healing coating.'”"" In particular, self-healing coatings have
attracted much attention because they can produce a secondary
healing effect, which can delay the corrosion process and provide
long-lasting corrosion resistance. Most self-healing coatings use
the microcapsule shell as a carrier to encapsulate the corrosion
inhibitor. When the coating is damaged by stress, the corrosion
inhibitor is released to delay the corrosion process.'>'* Various
corrosion inhibitors are embedded in microcapsules and mixed
with polymers to produce self-healing coatings.'”"* It has been
reported that corrosion inhibitors, including linseed oil
(LO)," ™" tung oil (TO),**"** seed oil (SO),”** and soybean
oil (CCO),”° have been successfully microencapsulated.
Researchers added them to the polymer to prepare a self-
healing corrosive coating.

da Cunha et al”’ studied the dual-functional poly(urea
formaldehyde) microcapsules, and they were used with linseed
oil and benzotriazole (BTA). Li et al.”® encapsulated tung oil
into polysulfone successfully. Li*” studied that self-healing
microcapsules were prepared by the solvent evaporation method
with polysulfone (PSF) as the shell and tung oil as core materials
because PSF has relatively stable chemical properties and high
thermal stability. It has been widely used in the coating of self-
healing microcapsules with lubricating function.”*™**

The corrosion resistance and protection efficiency of PSF
microcapsule self-healing coating need further study. It is
particularly important to analyze the corrosion resistance of the
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self-healing PSF microcapsule coating by electrochemical
methods. In this work, a protective film was prepared by the
combination of propane—1,2,3-triol and PSF.

2. EXPERIMENTAL SECTION

2.1. Materials. Epoxy resin was obtained from Guangzhou
Lihou Trading Co, Ltd. Propane—1,2,3-triol (99.5%) was
obtained from Shanghai Bide Pharm Technology Co. Gelatin,
tetraethylenepentamine (TEPA), ethanol, and the emulsifier
OP-10 were purchased from Tianjin Aopusheng Chemical Co.
PSF was bought from Shanghai Macklin Biochemical Co, Ltd.
Polyvinyl alcohol (PVA) (wt 30 000—70 000) was provided by
Sigma-Aldrich Trading Co. Ltd. Dichloromethane (>99.5%)
was obtained from Liaoning Quanrui Reagent Co, Ltd. All
chemicals were used directly without further treatment.

2.2. Preparation of Propane-1,2,3-Triol-Loaded Mi-
crocapsules. PSF microcapsules containing propane—1,2,3-
triol were obtained by the solvent evaporation method. 1 g of
PSF was dissolved in 20 mL of methylene chloride. Then, 1.2 mL
of propane—1,2,3-triol was added to the mixture of PSF and
methylene chloride. Then, the previous solutions were added to
50 mL of a mixture of 0.8 wt % PVA and 1 wt % gelatin as slowly
as possible, which were mechanically emulsified at 800 rpm and
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Figure 1. Schematic of the microencapsulation mechanism.
reacted at 38 °C for 4 h until methylene chloride was completely M, —

evaporated. After the reaction, the propane—1,2,3-triol-loaded
PSF microcapsules were separated by filtering and washing them
with deionized water. Finally, the propane—1,2,3-triol-loaded
PSF microcapsules were dried in a drying vacuum oven at 50 °C.
The preparation mechanism is shown in Figure 1.

2.3. Preparation of Composite Coating. Self-healing
epoxy resin coatings were obtained by mixing the epoxy resin
and TEPA curing agent. Then, the prepared microcapsules were
added part by part to the epoxy resin with stirring for 30 min.
Steel panels (30 mm X 30 mm X 1.5 mm) were polished with a
1500 grade waterproof abrasive paper and then washed with
acetone in an ultrasonic bath, whereafter 30% TEPA was added
into the previously prepared mixture. The epoxy resin mixture
was stirred for 30 min. Then, the evenly mixed epoxy resin
mixture was neatly covered on the sample work surface. Finally,
the coatings were cured at 25 °C for 4 h and 80 °C for 6 h in the
drying oven.

3. CHARACTERIZATIONS OF MICROCAPSULES

3.1. Chemical Composition Analysis. The chemical
components of propane—1,2,3-triol, PSF, and propane—1,2,3-
triol-loaded PSF microcapsules were characterized by Fourier
transform infrared (FTIR) spectroscopy with the wavelength
range from 4000 to 450 cm ™.

3.2. Morphology of Coatings and Microcapsules. The
internal and external morphology of propane—1,2,3-triol-loaded
PSF microcapsules was observed by scanning electron
microscopy (SEM). In order to obtain the best observation,
all of the microcapsules were coated with a layer of gold. Also,
the cross-sections of coatings were coated with a layer of gold.
The thickness of the core—shell, size of microcapsules, and
cross-section of coatings were observed by SEM.

3.3. Thermal Stability. The thermal stabilities of propane—
1,2,3-triol, PSF, and propane—1,2,3-triol-loaded PSF micro-
capsules were analyzed by thermal gravimetric analysis (TGA)
under the protection of nitrogen (N,), ranging from 30 to 600
°C, at a heating rate of 10 °C/min.

3.4. Core Fraction and Microencapsulation Efficiency.
The dried microcapsules were weighed as M;. Then, the dried
microcapsules were mashed using a porcelain mortar and
thoroughly soaked in acetone. M, is the weight of the shell
material which was centrifuged and dried. M is the weight of
propane—1,2,3-triol added. the encapsulation efficiency can be
calculated by eq 1. R is the encapsulation efficiency.
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M2
R=—1—"2x100%
M

(1)

3.5. Evaluation of the Self-Healing Epoxy Resin
Coating. The coating with microcapsules and the epoxy resin
coating without microcapsules were cross-scratched using a
knife. Then, the scratched coatings were immersed in a
corrosion solution (10 wt % NaCl solution) for 1-7 d.*’ A
camera was used to observe the corrosion state of the coating at
different times.

3.6. EIS Measurements. Electrochemical impedance
experiments have been performed with an electrochemical
workstation using a one-compartment three-electrode cell. The
corrosion solution is artificial seawater, which is a naturally
aerated 3.5% NaCl solution prepared by mixing ultrapure water
with NaCl. The working electrode, reference electrode, and
auxiliary electrode were the coated or uncoated specimens, Ag/
AgCl electrode, and platinum sheet, respectively. Open-circuit
potential (OCP) versus time prior to electrochemical
impedance spectroscopy (EIS) is necessary to maintain the
stability of the OCP data. EIS was carried out with an amplitude
of 10 mV, using the typical frequency test range from 107> to 10°
Hz. Potentiodynamic polarization curves were measured at a
scan rate of 1 mV/s. The obtained data were analyzed with the
help of the fit function of the Zview software.

3.7. Evaluation of Mechanical Properties. The mechan-
ical properties of epoxy resin coating coatings and self-healing
epoxy resin coating were studied by using a dowel-type friction
wear test machine (as shown in the schematic diagram in Figure
2). The pressure was 1.0 MPa, and the sliding speed was 0.51 m/
s. The pinheads of all texts were treated with 1000 mesh

Microcapsule l?p XY Friction area

Figure 2. Schematic diagram for friction and wear tests.
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Figure 3. SEM images and size distribution of propane—1,2,3-triol-loaded microcapsules: (a) microcapsule magnification: 200X, (b) microcapsules
magnification: 500X, (c) ruptured microcapsule: S00X, and (d) size distribution.

Coating -

1H00pm

Matrix
100pm

100pm 100pm

100pm 100pm

Figure 4. Cross-sectional SEM and EDS element mapping images: (a) epoxy resin coating and (b) self-healing coating.

sandpaper and then cleaned with ethanol prior to the friction
test.

4. RESULTS AND DISCUSSION

4.1. Morphology of Microcapsules and Coatings.
Figure 3a shows the SEM images of propane—1,2,3-triol-loaded
microcapsules. Figure 3b shows the SEM images of a single
microcapsule. The synthetic capsule is spherical with a smooth
surface. The capsules form a compact distribution of structures.
The shell wall thickness of the microcapsule is about 16 ym as
observed in the SEM images in Figure 3c. Figure 3d shows the

particle-size distribution of the microcapsules, and the average
diameter of the particles was approximately 140 pm.

To study the epoxy resin coating and self-healing coating
morphology, the two coating cross-sections were investigated
using field-emission SEM and energy-dispersive system (EDS)
mapping. Figure 4 shows the SEM images and elemental
mapping of the epoxy resin coating and self-healing coating
cross-sections. For elemental mapping, carbon (C) is the main
constituent of the epoxy resin coating and self-healing coating.
Iron (Fe) is the main constituent of the matrix. Carbon (C) and
iron (Fe) were selected as the elements to be measured. Figure
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4a shows the SEM image and elemental mapping of the epoxy
resin coating. Figure 4b shows the cross-sectional imaging and
elemental analysis of the self-healing coating. As shown in Figure
4, the film thickness of epoxy resin coating and self-healing
coating is in the range of 90—95 yum. Both coatings are tightly
bound to the matrix, but the addition of microcapsules makes
the coating denser.

4.2. Chemical Structure Analysis of Microcapsules.
FTIR spectroscopy was used to determine whether propane—
1,2,3-triol was encapsulated in the microcapsule. The FTIR
spectra of microcapsules and propane—1,2,3-triol and PSF are
presented in Figure 5. As shown in Figure 4, the characteristic
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Figure 5. FTIR spectra of microcapsules, propane—1,2,3-triol, and PSF.

peak of propane—1,2,3-triol are shown at 3288 cm™ (—OH
stretching vibration), 2931 cm™' (asymmetric stretching
vibration of —CH,), 2878 cm™" (symmetric stretching vibration
of —=CH,), 1413 cm™" (bending vibration peak of —CH,), 1030
and 992 cm™" (the symmetric stretching vibration of C—0), and
1108 cm™" (the symmetric stretching vibration peak of C—O of
secondary alcohol). The characteristic peaks of PSF are at
1488~ and 1587 cm™' (C—C aromatic ring stretching
vibration), 1322 and 1294 cm™ (O—S—O asymmetric
stretching vibration), and 1239 cm™ (C—O-C stretching
vibration).*® The peaks of the microcapsules occurred at 2979

and 2901 cm ™. The characteristic peaks of propane—1,2,3-triol
and PSF were reflected in the characteristic peaks of the
microcapsules, which confirmed that propane—1,2,3-triol was
successfully coated with PSF.

4.3. TGA and Microencapsulation Efficiency. For
comparison, the TGA curve of microcapsules is also shown.
Figure 6 shows that the initial decomposition temperature of
PSF was 450 °C. The initial decomposition temperature of PSF
is higher than polyurethane foam (PUF), polyurea, and
poly(melamine formaldehyde). The amount of residue was 31
wt % at 800 °C. It presumably formed the heat-stabilized
material for carbon. Because the PSF polymer has the presence
of an aromatic structure backbone. Pure propane—1,2,3-triol has
an initial decomposition temperature of 150 °C. Its end
decomposition temperature is 278 °C. The initial temperature
of thermal degradation of microcapsules was 320 °C. The slope
of this curve was less than the PSF. This indicates that propane—
1,2,3-triol was successfully encapsulated by PSF. TGA identified
that both of the pure propane—1,2,3-triol core and PSF shell
constituted the synthesized microcapsules. According to the
TGA curve of the microcapsules, the encapsulation capacity of
the microcapsules was 12 wt %. The results are consistent with
those obtained by acetone extraction.

4.4, Antiwear Performance of Self-Healing Coatings.
The tribological tests of three samples were carried out under 1
MPa at 0.51 m/s. Figure 7 shows the coeflicient of friction of the
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Figure 7. Frictional coefficient of the matrix, epoxy resin coating, and
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Figure 8. Nyquist and Bode plot of uncoated AH36, epoxy resin coating, and self-healing epoxy resin coating in the 3.5% NaCl solution: (a) Nyquist
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Figure 9. EIS equivalent simulation circuit diagram: (a) for the uncoated matrix, (b) for the epoxy resin coating, and (c) for the self-healing epoxy resin

coating.

epoxy resin coating and self-healing coating. With the addition
of microcapsules, it can be seen that the friction coeflicients
decrease sharply at first. The friction coeflicient of the matrix is
0.65. The friction coeflicient of the coating with microcapsules is
0.48 and that without microcapsules is 0.50. This may be related
to the self-lubrication action of the newly formed propane—
1,2,3-triol film between the epoxy resin and sliding surface.
Propane—1,2,3-trio]l was extruded from the broken micro-
capsules under the friction. Moreover, the wear debris of PSF
shells can compound propane—1,2,3-triol as a solid lubricant.
Propane—1,2,3-triol and PSF shells improved the wear
resistance of the epoxy resin coatings.

4.5. Corrosion Performance of Self-Healing Coatings.
To assess the corrosion resistance of different kinds of samples,
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we performed EIS measurements. Impedance spectra repre-
sented in both complex impedance diagrams (Nyquist plot) and
the Bode plot are illustrated in Figure 7.

Figure 8a,b shows that the impedance modulus values of the
matrix and the two coatings (three samples) in the low-
frequency region are 4.2 X 10, 1.3 X 107, and 3.8 X 107 Q/cm?,
respectively. With the larger diameter of the semicircle in the
corrosion solution, the charge-transfer resistance is larger
together with excellent corrosion resistance. Thus, the order of
corrosion resistance of samples is self-healing epoxy resin
coating > epoxy resin film > matrix. Figure 8b shows the
impedance mode versus frequency plot of epoxy resin coating.
The dot product of the impedance magnitude at 0.01 Hz is
above 107. The results show that the epoxy coating can
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Table 1. Electrochemical Impedance Parameters

coatings CPE1 [uF cm™2] R, [Q/cm?]
blank 109 x 107
epoxy resin coating 1.39 x 1077 129 x 10°
self-healing coating 1.53 X 107

CPE2 [uF cm™2] R, [Q/cm?] w
6.529 X 10°
5.02 X 107 1.55 x 107
3.61 x 1071 1.99 x 107

effectively isolate the contact between the electrolyte solution
and matrix. It also can provide good corrosion resistance for the
matrix. In Figure 8a, it can be seen that the Nyquist plot of the
self-healing epoxy resin coating consists of capacitive arcs and a
diffusion tail. Besides, in the Bode plot, the impedance
magnitude of the self-healing epoxy resin coating is 3 times
that of the epoxy resin coating. This indicates that the self-
healing microcapsule improves the stability of the coating. Also,
the self-healing microcapsule enhanced the physical function of
the coating to block corrosive ions. The long diffusion tail in the
low-frequency region is due to the rupture of the microcapsule,
which leads to the increase of the surface roughness of the
coating. In addition, the corrosion inhibitor is released to the
corrosion site, forming an adsorption film and improving the
corrosion resistance of the coating,

The EIS data were fitted by using the matching equivalent
circuit models for further analysis (Figure 9). The parameters
obtained by fitting are listed in Tablel. Ry, R, Ry, CPE, and W
represent the solution resistance, coating resistance, charge-
transfer resistance, constant phase element, and Warburg
resistance, respectively.

The solution resistance R, between 2 and 10 £/cm? can be
ignored. Coating resistance (R.) reflects the blocking ability of
the electrolyte solution through the coating. It is essential to
assess the corrosion resistance of coatings in detail. The CPE is
related to the diffusion behavior of the electrolyte solution in the
coating. The permittivity of the coating changes when the
electrolyte solution penetrates the coating. The CPE changes.
Therefore, the CPE reflects the penetration resistance of the
coating. Figure 9a—c shows the equivalent circuit models of the
electrochemical impedance behavior of the matrix, epoxy resin
coating, and self-healing epoxy resin coating, respectively. Figure
8c shows a time constant in the phase angle versus frequency
plot of the matrix, which is fitted by the equivalent circuit models
shown in Figure 9a. The charge-transfer resistance of the matrix
is 6.5 X 10° Q/cm?, and the capacitance of the matrix is 1.09 X
10™* uF/cm® The matrix shows general corrosion in the
electrolyte solution. The phase angle versus frequency plot of the
epoxy resin coating in Figure 8c generates two time constants,
which are fitted using the equivalent circuit models shown in
Figure 9b. The Nyquist plot of the self-healing epoxy resin
coating consists of a capacitive arc and long diffusion tail. Also,
there is a time constant in Figure 8c. The equivalent circuit
model as shown in Figure 9¢ was used for fitting. As shown in
Table 1, the charge-transfer resistance of the matrix is 6.529 X
10* Q/cm? and that of the epoxy resin coating is 1.55 X 107 Q/
cm”. The charge-transfer resistance of the epoxy coating is 4
times larger than that of the matrix. It shows that the reaction
resistance of the substrate surface is small, and the corrosion
degree is serious. The epoxy resin coating on the surface of the
matrix significantly increases the corrosion resistance. The
coating resistance (R.) of the self-healing epoxy resin coating is 2
times dot product larger than that of the epoxy resin coating.
The self-healing epoxy resin coating successfully resists the
penetration of the electrolyte solution into the matrix and
coating surface. The microcapsule releases the corrosion
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inhibitor to adsorb on the corrosion site. It inhibits the corrosion
process successfully.

Figure 10 shows the polarization curves of the matrix, epoxy
resin coating, and self-healing coating in the 3.5 wt % NaCl
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Figure 10. Tafel plots of the matrix, epoxy resin coating, and self-
healing coating immersed in the 3.5 wt % NaCl solution.

solution at room temperature. Details of the polarization curves
calculated by Tafel extrapolation are shown in Table 2. CR and
PE are the annual corrosion rate and anticorrosion efficiency,
respectively, in the Tafel curve.

Table 2. Electrochemical Parameters of the Uncoated and
Coated Matrix

coatings Eow [V] I, [A/cm?] CR[mm/a] PE [%]
blank —0.508  637x107° 148 x 107!
epoxy resin coating —0.472 2.97 X 1077 691 x 107 95.65
self-healing coating ~ —0.303  8.32x 1077 194X 10™*  99.87

The CR and PE were obtained by the following eqs 2 and 3,
respectively
I<Mm1c0rr
CR= —""=
P ()

where CR represents the annual corrosion rate. I, represents
the corrosion current density in the absence and presence of
coatings for the bare matrix, and K, M,,, and p,, represent the
constant, relative atomic mass, and density, respectively.

1

corr, o Icorr,i

PE = X 100%

Icorr,o (3)
and I,

where PE represents the protection efliciency. I cori

corr,0
represent the corrosion current density in the absence and
presence of coatings for the bare matrix, respectively.

E.... mainly describes the trend of corrosion thermodynamics

of coatings rather than a standard for assessing the corrosion
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resistance of coatings. Generally speaking, the corrosion
resistance is mainly judged by the corrosion current density.
The lower current density shows the lower corrosion rate.
Compared to the matrix, the epoxy resin coating and self-healing
coating have lower orders of magnitude of current density.
These results indicate that the two coatings can effectively slow
down the corrosion rate and provide excellent protection for the
matrix obviously. Furthermore, self-healing coatings work better
in a NaCl solution. The reason is that the coating successfully
resists the penetration of electrolyte solution into the matrix and
coating surface. The microcapsule releases the corrosion
inhibitor to adsorb on the corrosion site. It inhibits the corrosion
process successfully.

4.6. Self-Healing Mechanism. Figure 11 shows the visual
appearance of the scratched area of the coated sample after 7 d.

3k I
bl e o |

Figure 11. Immersion study performance: (a) epoxy resin coating and

(b) self-healing coating.

For the neat epoxy resin, rusting occurred along the scratched
area. The longer the immersion time, the more serious the
corrosion. The steel plate coated with the self-healing coating
was not corroded in the scratched area after 1 d. The self-healing
coating has strong corrosion resistance because the micro-
capsule has the corrosion inhibitor.

As shown in Figure 12, propane—1,2,3-triol in the micro-
capsule is released when the epoxy resin coating is damaged.
Because of this, the substrate surface rapidly forms a protective
film. It can slow down the hydrogen ions, chlorine ions, and
water molecules from entering the matrix in the solution, thus

reducing corrosion and the corrosion rate. In this way, the
corrosion of the metal is delayed. Propane—1,2,3-triol is a polar
molecule. The unshared electron pair of oxygen elements on
polar substrates and the hydrogen ion-bonded. It can result in
cation adsorption on the surface of the matrix. Finally, it changed
the structure of the electric double layer on the surface of the
matrix. The activation energy of the carbon steel ionization
process increased. However, nonpolar groups made directional
arrangement away from the metal surfaces. It forms a layer of a
hydrophobic membrane to produce the cover effect. When
chloride ions are present in the solution, the substrate surface
has a positive charge. Thus, the chloride ions can remain
painlessly on the surface. The zero-charge potential is moved in
the right direction, thus inhibiting the anode reaction. The
surface adsorption of chloride ions contributes to the formation
of the propane—1,2,3-triol cation adsorption layer. It not only
increases the activation energy of the corrosion reaction but also
impedes the charge transfer. It also generates anodic polarization
and reduces corrosion. Therefore, this anionic effect weakens
corrosion.

5. CONCLUSIONS

Based on the preparation of PSF microcapsules containing the
propane—1,2,3-triol corrosion inhibitor in a micron container,
PSF has relatively stable chemical properties and high thermal
stability, and propane—1,2,3-triol and hydrogen ions can form a
hydrophobic film on the metal surface. It can slow down the
hydrogen ions, chlorine ions, and water molecules from entering
the matrix in the solution, thus reducing corrosion and the
corrosion rate.

1. The microcapsule containing the corrosion inhibitor was
coated in an epoxy coating to form a self-healing coating
microcapsule with a smooth spherical geometric surface.

. The particle size of the propane—1,2,3-triol-loaded PSF
microcapsules is 140 ym.

. TGA and FTIR test results showed that the corrosion
inhibitor was effectively wrapped in the PSF shell. The
DTG curve of microcapsules showed that the PSF shell
was loaded with about 12 wt % inhibitor.

. The cross-sectional SEM image showed that the addition
of microcapsules makes the coating dense. Also, the

Self-healing microcapsules

Epoxy resin Released

Embedded microcapsules

B

Healing site

Newly generated coating

propane-1,2,3-triol

Healing site

Propane-1,2,3-
triol

344
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®

Newly generated coating

Figure 12. Schematic diagram of the self-healing mechanism.
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friction coefficients of the self-healing coating prove that
the release of the corrosion inhibitor encapsulated in the
microcapsules reduces the friction coeflicient of the
coating.

S. In the electrochemical experiment, the microcapsules
were successfully loaded into the epoxy resin coating. The
corrosion inhibitor was successfully released, which was
adsorbed on the corrosion site to form the corrosion
inhibitor adsorption film. It reduces the corrosion of steel
successfully.
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