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Abstract

This paper presents the results of the study of microcapsules synthesized using a novel hybrid shell
of polyureaformaldehyde/SiO2 (PUF/SiOz2) and a core of linseed oil. The synthesis was accomplished
by facial polymerization combined with sol-gel of TEOS, and urea-formaldehyde resin to form the
hybrid shell under optimal process parameters. The microcapsules were embedded in a metal coating
using the electrodeposition method. Microcapsules were characterized by scanning electron microscope
(SEM, FE-SEM), energy-dispersive spectroscopy (EDS), particle size analyzer (PSA), thermogravimetric
analysis (TGA), and differential scanning calorimetry (DSC). The experimental results indicated that
the average size of capsules synthesized umder the optimum processing parameters were in the range
of 5 um to 200 um with a hybrid shell thickness of less than 1 um. The internal surface of the shell
contained more SiO2 compared to the external PUF/SiOz layer, as indicated by EDS. While the internal
surfaces were smooth, the outer surface of the microcapsules were composed of rough branched-like
structures of urea-formaldehyde particles. It was shown by thermal analysis that initial decomposition
starts at 225°C which proved excellent thermal stability. Electrodeposition was carried out with the
current density of 25 mA-cm™ to embed the synthesized microcapsules into the Ni-Co alloy coating,
which was investigated by SEM, and corrosion test (OCP, LP) to characterize the corrosion behavior

1. Introduction

In 2016, the corrosion phenomenon was estimated to cost 2.5
trillion dollars globally (3.4% of global products). It is generally
accepted that adequate corrosion mitigation techniques might save
15% to 35% of these costs [1-3]. Self-healing coatings can prevent
corrosion of the substrate even after being damaged. These have been
studied to enhance the lifetime of infrastructure equipment [4-8].
The two common strategies in creating autonomous self-healing
coatings are capsule embedment and vascular systems [9,10]. Many
techniques have been used in the past to synthesize nano/microcapsules
[11-16], however, emulsion/in-situ polymerization and emulsion sol-gel,
have become the most widely used methods for synthesizing capsules
[17-19]. These methods have been used to synthesize organic shell
nano/microcapsules, such as poly(urea-formaldehyde)[20], polystyrene
[21], polyurethane [22], and polymethylmethacrylate due to the ease
and feasibility of the procedure, as well as the controllability of shell
thickness and size of the capsule [23]. Furthermore, the mechanical,
physical, chemical, and biological properties and applications of
polymeric microcapsules have also been widely studied [24-27].

Linseed oil (LO), the most common dry oil, exhibits promising
healing and corrosion inhibition properties [27-30], therefore researchers
have combined epoxy and commercial paint coatings with microcapsules
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of these potentially self-healing coatings.

containing linseed oil to produce self-healing coatings [28-30]. Only
a limited amount of research has been done on the incorporation of
nano/microcapsules with a hybrid shell in metallic coatings to improve
corrosion resistance and self-healing ability of metallic coatings [31-35]
and this area is in particular interest.

In this paper, synthesis and characterization of nano/microcapsules
with a hybrid (PUF/SiOz2) shell have been reported. The mechanical
and thermal properties of capsules may be enhanced by adding ceramic
particles to the shell. This could extend storage period, increase
durability against mechanical agitation during co-deposition, and
increase resistance to higher temperature. Microcapsules were also
incorporated into a nickel-cobalt alloy coating using the electrodeposition
method, followed by the study of the structural, morphological, and
corrosion properties of the coating.

2. Methodology

Synthesis of microcapsules: Tetraethylorthosilicate (TEOS), urea,
and formaldehyde (37% aqueous solution) were used as shell precursors
and linseed oil as a healing agent. Sodium dodecyl sulfate (SDS) was
used as a surfactant, resorcinol, and hydrochloric acid as actuators for
the polymerization process. Ethyl alcohol and xylene were used to
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wash the residual oil on capsules. All the chemicals were purchased from
Sigma-Aldrich and were used without further purification.

Microcapsules were produced by interfacial polymerization of
TEOS over linseed oil droplets to generate initial shells. Then SiO2
particles built the second shell over the initial shell followed by in-
situ polymerization of urea and formaldehyde as the external shell.
2.5 mL of TEOS was dissolved in 30 mL of 100% ethanol in an
ultrasonic bath at room temperature for 30 minutes to produce SiO2
nanoparticles. Then, to facilitate TEOS hydrolysis in the ultrasonic
bath, 5 mL of distilled water was added to the reaction media. After
30 min, 1 mL of HCI (catalyst) was slowly added to the reaction mixture.
For 1 h, the mixture was stirred. This mixture was used as the source
of SiOz particles for the next step.

A magnetic stirrer was used to mix TEOS with 5 mL linseed oil.
Surfactant (2 wt% SDS) was added to 250 mL distilled water in
a 500 mL beaker and the emulsion was then formed by adding core
material and allowing it to stabilize for 30 min. To begin the reaction,
the pH of the emulsion was adjusted to 3-4 by adding HCI and the
temperature was raised to 70°C. SiO2 nanoparticles, urea, resorcinol,
and formaldehyde were added to the emulsion after 1 h of reaction
time and agitated at 500 RPM. After 3, 6, and 18 h of reaction, samples
were taken from the produced suspension of microcapsules, which
were cooled to ambient temperature, filtered, rinsed with distilled
water and diluted ethyl alcohol, then air-dried for 24 h. Table 1 shows
the experimental parameters for the synthesis of microcapsules.

Preparation of coating with microcapsules: Ni-Co coatings
incorporating microcapsules were electrodeposited from a bath with
the composition of nickel sulfate (NiSO4.6H20), 250 g-L*!; cobalt
sulfate (CoSO4.7H20), 25 g-L'; boric acid (H3BO3), 30 g-L"! (buffer);
saccharin (C7HsNO3S), 0.5 g-L"!, and microcapsules at 0 and 30 g-L..
All chemicals were purchased from Sigma-Aldrich and were used
without further purification. The electrolyte pH was maintained at
pH 5.0 and the temperature set at 40°C to 45°C. The electrodeposition
was carried out on a 21 mm x 21 mm mild steel plate, with a direct
current (DC) density of 25 mA-cm for 30 min. The mild steel substrate

Table 1. Sample numbers and experimental parameters for microcapsules.

(up to 0.25 wt% carbon) was initially polished, degreased in acetone
for 5 min, and surface activated in 3.6% HCI for 30 s. The substrate
was subsequently rinsed thoroughly with distilled water and placed
in the deposition bath immediately. Magnetic stirring was applied
at 200 RPM throughout the entire process to maintain the uniform
distribution of the capsules and ions during electrodeposition.

The size, morphology, and composition of the microcapsules,
as well as the shell thickness, were studied with the scanning electron
microscope (SEM, JEOL 6460LV), FE-SEM (Hitachi S-4800), and
particle size analyzer (MASTERSIZE3000). Thermogravimetry (TGA,
TA SDT650) and differential scanning calorimetry (DSC, TA SDT650)
were used in an argon atmosphere to measure the thermal stability of
the microcapsules. Corrosion characterization was done using
the BioLogic SP-200.

3. Results and discussion

FE-SEM micrographs revealed that the microcapsules were
spherical in shape (Figure 2), and the rough surface and branch-like
structures are formed of UF and perform as a hook to improve
bonding with the matrix material and improve surface adhesion.
SEM micrographs revealed that the percentage of broken capsules
increased with an increase in reaction times, possibly due to magnetic
stirring and subsequent capsule collision.

The shell thickness was less than 1 pm for samples with an 18 h
reaction time (Figure 3(a)), allowing for a higher carrying load of
healing agent and enhanced healing efficiency. Furthermore, the
microcapsules' smooth and dense inner surface can prevent the
healing agent from leaking out during storage. The microcapsules
were immersed in 100% acetone for 3 h and SEM micrographs were
taken to assess the durability of the hybrid shell to solvent exposure
(see Figure 3(b)). The surface of the microcapsules did not change
significantly. SEM micrographs showed that the capsules could
withstand exposure to a severe solvent.

Sample No. Core/shell ratio TEOS/polymer ratio  Stirring Reaction time pH
(2) (g) (RPM) (h)

SG-01-01 5:6 1:1 500 18 3-4

SG-01-02 5:6 1:1 500 6 3-4

SG-01-03 5:6 1:1 500 3 3-4

HCI PU Heat
—_— —_— —_—
Sio Time
Si0, inner shell
*' Surfactant ® TEOS
+ Acid Sio

2

* PU polymer ® Linseed oil

PU-5i0, outer shell

Figure 1. Schematic representation of encapsulation process for the hybrid shell with linseed oil as core material.
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Figure 2. FE-SEM micrographs of samples number SG-01-01 after 18 h (a, b), SG-01-02 after 6 h (c, d), and SG-01-03 after 3 h (e, f)

reaction time.

11 48 SEI

Figure 3. SEM micrographs of (a) microcapsules shell SG-01-01, (b) after 3 h soaking in absolute acetone of sample SG-01-01.

EDS analysis of the capsules' external and internal surfaces
(Figure 4) validated the proposed capsule formation mechanism. A
thin silica shell formed around the core materials at first, which was
then covered by PUF and SiO: particles. The presence of silica in
the outer layer reduced as the reaction time increased. Moreover,
surfaces of capsules were smoother in samples made with shorter
reaction time, indicating that the surface spots were caused by UF
nanoparticle precipitation on the initial silica shell.

The size distribution of microcapsules synthesized with different
reaction time durations is shown in Table 2. It can be interpreted
from Table 2 that nanoparticles of UF and SiO2 were synthesized in
the emulsion, and then these particles connected to the initial silica
shell, leading their size to increase.

The thermal stability of capsules is important for their use in
self-healing coatings. In this study, the thermal stability of the capsules
was investigated using Thermogravimetric Analyses (TGA) (Figure 5)
and Differential Scanning Calorimetry (DSC) (Figure 6). Because
oxygen absorption causes a mass increase in linseed oil at temperatures
between 50°C and 150°C in an oxidant environment, studies were

conducted in an argon atmosphere. TGA curves of capsules and
linseed oil are shown in Figure 5. The first change in weight, which
took place below 100°C, involved the evaporation of moisture and
free formaldehyde. The second change in weight involved the
decomposition of the shell, and the third involved the combustion
of by-products from the previous steps as well as residual silica.
Changes in the slope were observed around 350°C, where linseed
decomposition of oil began, which was attributable to shell fracture
and subsequent release of the core material.

The DSC analysis in Figure 6 shows that evaporation of moisture
and free formaldehyde caused the first endothermic peak at 90°C,
while the decomposition of shell materials caused the second one at
270°C. It's possible that the first exothermic peak, which occurred
between 150°C and 180°C, was caused by residual core materials.
The peak at 350°C was caused by the polymerization reaction of the
core material, which is initiated by urea derivatives, as well as the
gaseous products generated by the decomposition of UF in the outer
shell material and the self-condensation of the core material [36].
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Table 2. Particle size analysis of samples with different reaction times.

Sample No. SG 01-01 SG 01-02 SG 01-03
Dv (10) um 7.04 0.377 0.251

Dv (50) um 56.2 14.6 3.34

Dv (90) um 144 74.4 74.4

C Element |Weight% Atomic%
CK 75.80 84.13
0K 12.23 10.19
SiK 11.97 5.68
100.00

Spectrum |l

0 0.5 1 1.5 9/ 2.5 3 354455556
KeV

Element | Weight% Atomic%
CK 7543  80.35
OK 24,57  19.65
Totals | 100.00

)

0 05 1 15 2 25 3 35 4 45 5 55 6

Figure 4. EDS analysis of sample number SG-01-01 microcapsules’ (a) inner, (b) outer shell.
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Figure 5. TGA analysis of SG-01-01 microcapsules and linseed oil.  Figure 6. DSC analysis of SG-01-01 microcapsules and linseed oil.
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The SEM surface morphology and cross-sections image of
Ni-Co/microcapsule co-deposited coating and pristine Ni-Co coating
(Figure 7) showed that a microcapsules had co-deposited with a dense
coating on the substrate with a thickness of about ~30 um. The
morphology changes observed are result of capsule co-deposition
(Figure 7(a) and 7(c)).

The corrosion behavior of nanocrystalline coatings was evaluated
by open circuit potential (OCP) and linear polarization (LP) methods
after 8 h of conditioning at room temperature, as described below.
The OCP diagram in Figure 8 showed significant improvement when
capsules were incorporated into the coating. Also, it was indicated
that there was a slight increase of OCP during the time, which may
be due to the rupture of the facial capsules and release of oil during
the characterization. The auto-oxidation process could begin with
double bonds which absorb dissolved oxygen in water, followed by

a polymerization reaction involving cross-linking, and eventually,
the formation of a solid and adherent film on the surface that acts
as a protective layer on the substrate.

Figure 9 shows the linear polarization curves of the substrate,
Ni-Co alloy coating with capsules, and coating without microcapsules
recorded during corrosion tests in the 3.5% NaCl corrosive medium
at room temperature. The electrochemical data extracted from linear
polarization curves were summarized in Table 3, which showed that
the corrosion current gradually decreased from 3.13 pA-cm? for the
substrate to 0.19 pA-cm?, and 0.081 pA-cm? for the Ni-Co coating and
coating with 30 g-L"' microcapsules respectively. Dramatic increases
in the corrosion resistance of deposited alloys may be correlated to
several important factors such as chemical composition, phase
composition, texture or preferred orientation, grain size, residual
stresses, defects (porosity), surface morphology, and roughness.

p—
10kY

a8 BECETLS

Figure 7. SEM images of (a)surface morphology of Ni-Co coating with capsule SG-01-01, (b) cross-section of Ni-Co/microcapsule, (c) surface morphology
of pristine Ni-Co coating, (d) cross-section of pristine Ni-Co electrodeposited coating.
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Figure 8. OCP diagram of (a) Ni-Co coating with 30 g-L"" microcapsules of

SG-01-01, (b) pristine Ni-Co coating deposited at 25 mA-cm? direct current,
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Table 3. Electrochemical data of the Ni-Co alloy coatings extracted from linear polarization curves.

Sample Substrate Ni-Co Ni-Co/MC

R,(Q) 1372 30690 60300

E corr (mV vs. Ref) -649.50 -235.27 -185.67

I con (LA-cm) 3.130 0.190 0.081

Corrosion rate (mpy) 1.74273 0.09335 0.03979

Ba 30.5 27.6 39.8

Be 15.7 26.1 10.2

4. Conclusions [5S] A. Stankiewicz, “Self-healing nanocoatings for protection against

In the present study, microcapsules with hybrid shells of PUF and
silica were successfully produced using a combination of interfacial/
sol-gel polymerization where linseed oil was encapsulated within
the microcapsules. In this process, all parameters were kept at the
optimum values as determined by previous research on single-
composition shells, with the exception of elapsed reaction time which
was used to investigate the effects of reaction time on the morphology
of microcapsules. The thickness of the microcapsule shell was less
than 1 pm in most cases.

The results showed that microcapsules with a hybrid shell and
an average size of less than 200 pm could be successfully synthesized.
EDS characterization of the external and internal surfaces of the
capsules confirmed the proposed capsule formation mechanism
(Figure 1). The roughness of surface texture made of PUF also improved
with increasing reaction time. This study also confirmed the thermal
and structural stability of the produced capsules, thus enhancing the
feasibility of hybrid capsule utilization.

The results showed that the corrosion resistance of the capsule-
embedded coating was significantly improved compared to the pristine
coating.

Hybrid capsules can now be used in a wider range of applications,
including self-healing coatings and corrosion-resistant composites
of both metallic and non-metallic compositions.
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