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Contemporary studies of self-healing polymer composites are based on microcapsules synthesized using

synthetic and toxic polymers, biopolymers, etc. viamethods such as in situ polymerization, electrospraying,

and air atomization. Herein, we synthesized a healing agent, epoxy (EPX) encapsulated calcium carbonate

(CC) microcapsules, which was used to prepare self-healing EPX composites as a protective coating for

metals. The CC microcapsules were synthesized using two facile methods, namely, the soft-template

method (STM) and the in situ emulsion method (EM). Microcapsules prepared using the STM (ST-CC)

were synthesized using sodium dodecyl sulphate (SDS) surfactant micelles as the soft-template, while

the microcapsules prepared using the EM (EM-CC) were synthesized in an oil-in-water (O/W) in situ

emulsion. These prepared CC microcapsules were characterized using light microscopy (LMC), field

emission scanning electron microscopy (FE-SEM), fourier transform infrared spectroscopy (FTIR), nuclear

magnetic resonance spectroscopy (NMR), and thermogravimetric analysis (TGA). The synthesized ST-CC

microcapsules were spherical in shape, with an average diameter of 2.5 mm and an average shell wall

thickness of 650 nm, while EM-CC microcapsules had a near-spherical shape with an average diameter

of 3.4 mm and an average shell wall thickness of 880 nm. The ST-CC capsules exhibited flake-like rough

surfaces while EM-CC capsules showed smooth bulgy surfaces. The loading capacity of ST-CC and EM-

CC microcapsules were estimated using TGA and found to be 11% and 36%, respectively. The FTIR and

NMR spectra confirmed the EPX encapsulation and the unreactive nature of the loaded EPX with the

inner walls of CC microcapsules. The synthesized CC microcapsules were further incorporated into an

EPX matrix to prepare composite coatings with 10 (w/w%), 20 (w/w%), and 50 (w/w%) capsule loadings.

The prepared EPX composite coatings were scratched and observed using FE-SEM and LMC to evaluate

the release of encapsulated EPX inside the CC capsules, which is analogous to the healing behaviour.

Moreover, EPX composite coatings with 20 (w/w%) and 50 (w/w%) of ST-CC showed better healing

performances. Thus, it was observed that ST-CC microcapsules outperformed EM-CC. Additionally, the

EPX/CC coatings showed remarkable self-healing properties by closing the gaps of the scratch surfaces.

Thus, these formaldehyde-free, biocompatible, biodegradable, and non-toxic CC based EPX composite

coatings hold great potential to be used as a protective coating for metal substrates. Primary results

detected significant corrosion retardancy due to the self-healing coatings under an accelerated

corrosion process, which was performed with a salt spray test.
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Introduction

Self-healing polymer composites are inspired by biological
systems to autonomously repair the fractures of the composite
materials. Typically, the impaired polymer materials are refur-
bished through patching, which is limited to the accuracy
allowed by visual inspection. Besides, these methods are
neither autonomic nor near-instantaneous as an assessment is
required. Inaccessible brittle microcracks occur and propagate
due to the harsh environmental conditions and externally
induced stresses, which are difficult to control. Relatively,
microcracking is one of the most challenging problems that can
This journal is © The Royal Society of Chemistry 2019
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lead to a catastrophic failure of composites and hence shorten
their life span.1 Therefore, self-healing polymer composites
have been proposed as a route for solving the problem of
microcracking.1–3 The self-healing polymers are a class of smart
materials that are designed to have the inherent ability to
recover from damages.4 The most important and challenging
aspect of self-healing composite systems is to develop an
effective system to carry the healing agents inside the polymeric
matrix. The carrier system (mostly nano/microcapsules in the
capsule-based system) should be strong enough to survive the
manufacturing processes (such as mixing, curing, extrusion,
etc.) without releasing the healing agents.5 On the other hand, it
should break during the propagation of cracks inside the matrix
and release an adequate amount of active healing agents into
the crack planes to heal the damage.

Different self-healing mechanisms have been researched,
including extrinsic and intrinsic self-healing. The extrinsic self-
healing can be broken down into the capsule and vascular-
based self-healing systems.6,7 In an ideal self-healing polymer
composite mono-capsule system, the healing agent is encap-
sulated within a nano/microcapsule, and it is released into the
matrix crack spaces upon the intrusion of a crack into the
microcapsule, which triggers the healing process in the pres-
ence of a catalyst in the matrix. In the dual-capsule self-healing
polymer composite system, the healing agent (monomer) and
hardener (cross-linking/curing agent) are separately loaded into
the nano/microcapsule and released into the matrix crack upon
its intrusion into the shell of the microcapsule in order to begin
the healing process. One of the rst autonomous self-healing
EPX composite systems was reported by White et al.,8 wherein
the healing agent (dicyclopentadiene (DCPD)) was loaded into
microcapsules while having a solid-phase catalyst (Grubbs
catalyst) in the EPX matrix. Apart from the capsule-based self-
healing systems, the vascular-based self-healing systems have
also been studied to introduce multiple recoveries (healing
ability upon cyclic loading/repetitive fractures).5 Capillaries or
bers can also be embedded within the polymer matrix for self-
healing. Vahedi et al.6,9 impregnated healing and curing agents
into polyacrylonitrile (PAN) electrospun nanobrous mats
(vascular brous structure) and obtained 75% healing efficiency
at 50 �C even aer the 2nd loading cycle.9 Thus, improving the
healing ability of composites aer the initial crack formation
(i.e.multiple recovery cycles) has also become a current research
interest.

The capsule-based self-healing system is attractive due to its
ease of use without any alteration in the properties of the
polymer matrix. Ahangaran et al. synthesized EPX and
mercaptan catalyst encapsulated poly(methyl methacrylate)
(PMMA) microcapsules as a dual-component healing system
and achieved 80% healing efficiency with 10 wt% PMMA
microcapsule loading at room temperature aer 24 h.10

However, most of the capsule-based self-healing systems have
utilized toxic polymers, mainly formaldehyde, in the early
studies for fabricating capsules. Also, urea-formaldehyde
(UF),8,11,12 polyurethane/urea-formaldehyde (PUF),8,13–15

poly(melamine-formaldehyde) (PMF),14,16 and melamine-
formaldehyde (MF)17 capsules have been used as the shell
This journal is © The Royal Society of Chemistry 2019
material of the containers carrying the healing agents through
in situ polymerization processes. These formaldehyde
containers have fairly complex synthesizing pathways based on
the number of parameters that have to be maintained (pH,
temperature, loading, etc.)8,13,16 and are toxic to living organ-
isms.18,19 This has led to the exploration of non-toxic materials
such as biopolymers and minerals to synthesize capsules.
Different biopolymers such as alginate18,20,21 and chitosan20 have
been used to fabricate containers for carrying self-healing
agents. Particularly, alginate has been found to be a prom-
ising biopolymer for the formaldehyde-free capsule-based self-
healing system, which is also relatively low-cost and synthe-
sized simply without temperature and pH alterations.22 More-
over, they can heal up to 3 times due to the multi-core
microcapsule structure.18 Although numerous biopolymer
capsule-based self-healing polymers have been reported, not
much research has been focused on the synthesis of mineral-
based capsules for self-healing EPX composites. To the best of
our knowledge, no research work has been carried out utilizing
CC nano/microcapsules in order to evaluate the self-healing
performance of the EPX composite systems. The CC microcap-
sules have a number of desirable properties such as biocom-
patibility,23–25 biodegradability,23–26 and non-toxicity.23,24 Usually,
the CC coatings are prepared by using precursor solutions of
CaCl2 and Na2CO3 simultaneously, which is a simple and cost-
effective process.23,27

Generally, metals and alloys are used in the construction of
buildings, bridges, and pipelines, which are prone to rust upon
contact with the atmospheric moisture. The polymeric coatings
on metals can act as barriers to hinder corrosion.5,28 However,
the protective coatings being the outer layer are prone to
damages during transportation, installation, and maintenance,
leading to the re-exposure of the metal substrates. To overcome
this drawback, the self-healing composite coatings on metals
have incorporated microcapsules, which can release healing
agents once broken. Then, the outermost coating damages can
be healed, and the corrosion barrier properties can be main-
tained. For example, Huang et al. fabricated hexamethylene
diisocyanate encapsulated polyurethane (PU) microcapsules
through interfacial polymerization having diameters of 5–350
mm and shell thickness of 1–15 mm. The anticorrosive coatings
mixed with synthesized microcapsules were applied on a metal
plate and shown to maintain corrosion retardant properties
under an accelerated corrosion test.29 The triazole derivative
lled PU microcapsules had been used for self-healing corro-
sion protection coating using an interfacial polymerization of
diol-diisocyanate and 1,4-butanediol (BD). The PU microcap-
sule loaded coatings showed better anti-corrosion properties
under the salt spray test.30 Guin et al. also encapsulated methyl
diphenyl diisocyanate within nano-sized capsules (100–800 nm)
using an in situ UF polymerization technique. Those were
incorporated into the sol–gel matrix to prepare a self-healing
anticorrosive coating, and it exhibited high conductivity
(24 875 ohm cm�2) compared to that of the conventional
coating (43 625 ohm cm�2).31 The polymeric coatings applied on
marine and offshore structures, underground pipelines, and
steam conduits, which are continuously exposed to aqueous
RSC Adv., 2019, 9, 23666–23677 | 23667
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and/or corrosive environments, particularly require the inclu-
sion of self-healing capsules to enhance their service life.32–37

The objective of this work is to synthesize CC microcapsules
as containers to be used in capsule-based self-healing EPX
polymers. Two different approaches were used to synthesize CC
microcapsules in order to encapsulate the EPX healing agent
and hardener, namely, in situ emulsion method (EM-CC) and
so-template method (ST-CC). In this work, ARALDITE 506 as
the healing agent was loaded into ST-CC and EM-CC micro-
capsules, which were then incorporated into a polymer matrix
(EPX) to obtain thin self-healing EPX composite coatings, which
acts as a barrier to metal corrosions. The properties of micro-
capsules such as size, surface morphology, thermal expansion,
loading capacity/core content, and chemical properties were
assessed. Further, the self-healing ability of the composite
coatings loaded with 10, 20, and 50 (w/w%) of microcapsules
were evaluated. Thus, these EPX loaded, toxic formaldehyde-
free CC microcapsules can act as effective self-healing protec-
tive corrosion barrier layer on metals.
Experimental
Materials and reagents

Two forms of epoxy resins (diglycidyl ether of bisphenol A),
EPIKOTE 828 (12 000–14 000 cps at 25 �C) and ARALDITE 506
(500–700 cps at 25 �C), were used as an epoxy matrix and as
capsule core material, respectively. Diethylenetriamine (99%,
DETA) as the hardener, ethanol (60%), acetone, calcium chlo-
ride (99.5%), sodium carbonate (99.5–100.5%), sodium dodecyl
sulphate (SDS, 98.5%), sodium chloride (NaCl, 99.5%), and
cetyltrimethylammonium chloride solution (CTAC, 25%) were
purchased from Sigma Aldrich. All chemicals and reagents were
of analytical grade and used without further purication. All
solutions were prepared using distilled water.
Microcapsule preparation

Fig. 1(a) demonstrates the synthesis process of ST-CC microcap-
sules, into which EPX was loaded using vacuum evacuation at
ambient temperature. Initially, 100 mL of 0.33 M Na2CO3 and 0.5%
SDS were mixed by stirring for 20 minutes. Then, 100 mL of 0.33 M
CaCl2 was added to the resultant mixture and stirred well for
another 20minutes. Themixture was then le undisturbed to settle
down and the supernatant was removed. Aerwards, the micro-
capsules were washed with distilled water and oven-dried at 60 �C
overnight. Eventually, the ST-CC hollow microcapsules were ob-
tained aer the heat treatment, carried out at 500 �C for 2 h, which
removed the surfactant. Those ST-CC hollow microcapsules were
encapsulated with the EPX resin polymer (ARALDITE 506) using
a vacuum evacuation process (vacuum pressure of 1.5 mbar for 120
minutes, repeated for 2 cycles). Fig. 1(b) depicts the formation
mechanism of ST-CC microcapsules.

In Fig. 2(a), the synthesis process of an in situ encapsulated
EPX resin (ARALDITE 506) in CC (EM-CC) microcapsules, which
were prepared using the oil-in-water (O/W) emulsion method at
ambient temperature, is shown. 100 mL of distilled water and
1 mL of EPX resin were mixed at room temperature.
23668 | RSC Adv., 2019, 9, 23666–23677
Subsequently, 0.5% of CTAC was added into the emulsion
mixture while agitating and the resulting mixture was contin-
uously stirred for 150 min. Then, the precursor solutions of CC,
which contain calcium chloride and sodium carbonate (0.1 M,
50 mL each), were added dropwise for 30 min simultaneously.
The mixture was kept aside to settle, aer which the superna-
tant solution was removed. The remaining microcapsules (EM-
CC) were dried overnight at room temperature. Fig. 2(b) shows
the formation mechanism of EM-CC microcapsules.

Fabrication of CC microcapsule loaded EPX composite thin
coatings

The EPX composite thin-coatings were fabricated by dispersing
microcapsules (10 wt%, 20 wt%, and 50 wt% of ST-CC and EM-CC,
separately) in the matrix with EPIKOTE 828 and DETA at a ratio of
100 : 12. The polymermixture withmicrocapsules was gently stirred
prior to degassing and then coated onto the cleanedmetal plates (1
� 1 � 0.2 cm) using the doctor blade method. It was fully cured
overnight at 30 �C prior to further testing. Before coating, the metal
plates were cleaned with sandpaper and washed with acetone, fol-
lowed by the application of the coating mixture. The thickness of
the coating was about 500 mm. The samples were prepared by
coating the metal substrate with composite coatings containing
10 wt%, 20 wt%, and 50 wt% of EM-CC and ST-CC separately.
Control samples were also prepared without microcapsules in the
same manner for comparison purposes. The specimens were
scratched with a sharp blade and le for 24 h before characterizing
them with FE-SEM and LMC to identify the releasing ability of the
healing agents and to assess the self-healing performance. The salt
spray-based corrosion test was also carried out on the EPX
composite coating loaded with 50 wt% of the synthesized ST-CC
microcapsules.

Characterization

The morphological characterization of both synthesized
microcapsules (ST-CC and EM-CC) and composite thin coatings
on the metal substrate were done using a Hitachi SU6600 eld
emission scanning electron microscope (FE-SEM) (gold was
sputtered on microcapsule samples only to observe the size,
morphology, and shell wall thickness). The average microcap-
sule sizes and the thickness of the shell wall of synthesized CC
microcapsules were derived from the statistics of at least 25
measurements using Image J soware on the FE-SEM images.
The microcapsules were placed on a carbon conductive tape,
and some of them were ruptured with a blade to observe the
core–shell structure.

Wet microcapsules and thin polymer composite coatings
were analyzed using a light microscope (LMC) at various
magnications (OLYMPUS BX61).

Thermogravimetric analysis (TGA SDTQ-600) was used to
determine the loading capacity of the prepared EPX encapsu-
lated microcapsules (ST-CC and EM-CC) aer washing with
acetone. 10–15 mg of microcapsules were heated in a nitrogen
atmosphere at a rate of 10 �C min�1 from 30 �C to 600 �C.38 The
loading capacity of microcapsules was derived by considering
the weight losses of microcapsules between 100–600 �C.18
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03804c


Fig. 1 The schematic of ST-CC microcapsules synthesized by STM, (a) process steps, and (b) the formation mechanism.

Fig. 2 The schematic of EM-CC microcapsules synthesized by EM, (a) process steps, and (b) the formation mechanism.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 23666–23677 | 23669
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Fourier Transform Infrared Spectroscopy ((FT-IR) Bruker Vertex
80 spectrometer) and Nuclear Magnetic Resonance Spectroscopy
((NMR) Bruker Ascend 400 MHz) were used to determine the
chemical properties of the microcapsules in order to conrm the
encapsulation of EPX resin within the prepared CC microcapsules.
Further, the attenuated total reectance (ATR) measurement mode
was used to record the absorbance spectra in 64 scans in the range
of 400–4000 cm�1 wavenumber with a resolution of 4 cm�1.

The composite thin coatings on the metal substrate aer
24 h of scratching were characterized with FE-SEM (without
sputtering with gold). Light microscopy was also used to
image the scratched areas of the thin composite coatings on
glass slides to check the polymer's releasing ability when the
microcapsules were broken.

The salt spray-based corrosion studies were carried out on
the metal plates (4 � 3 � 0.2 cm) coated with EPX composite
loaded with 50 wt% ST-CC. The coated specimens were sprayed
with 0.1 M NaCl solution and kept for 48 h to evaluate the
accelerated corrosion process.
Results and discussion
Microcapsule formation mechanism

The ST method was used to produce ST-CC microcapsules,
which utilizes surfactant (SDS) micelles as the so-template,
with a coating of CC on the micelles by using its precursor
solutions. The SDS surfactant micelles formed a spherical shape
in aqueous media due to the balance of the forces between the
polar head part and non-polar tail part, thereby promoting the
micelle formation.39 Fig. 1(b) illustrates the physical interaction
between the micelles and precursor ions such as Ca2+ and
CO3

2�. The ST-CC hollow microcapsules formed were dipped in
an excess amount of EPX resin. All the trapped gases within the
hollow CC microcapsules were removed by vacuum and relled
with EPX resin polymer. Subsequently, the vacuum supply was
removed aer the discontinuation of the air bubble formation
in the viscous slurry during encapsulation. These ST-CC
microcapsules were used in self-healing composite applica-
tions. The EM-CC was prepared using surfactant (CTAC)
micelles and CC precursor solutions, which are based on oil-in-
water (O/W) EM without any polymerization. The micelles were
formed as spheres between the EPX and water (Fig. 2(b)). The
hydrophobic tails and hydrophilic heads of surfactants were
arranged to form micelles (heads toward water and tails toward
EPX). These micelles, which encapsulated the EPX polymer
within their cores, were coated using CC precursor solutions
simultaneously. The core–shell EM-CC microcapsules, which
have liquid EPX resin core and solid CC shell, were prepared
through an in situ process of emulsication between two
different media.
Morphological properties

Both types of microcapsules (ST-CC and EM-CC) were charac-
terized to assess their morphology, loading capacity, and
chemical and physical properties. Shell wall integrity and
microcapsule sizes were measured using FE-SEM images. As
23670 | RSC Adv., 2019, 9, 23666–23677
shown in Fig. 3(a and b), microcapsules of ST-CC exhibited
a spherical shape and rough ake-like surface with a mean
diameter of�3.0 mmbefore heat treatment. The ake-like rough
structure could be formed on the surfaces due to the slow
transformation of the amorphous primary precipitate of CaCO3

into spherical microcapsules.23,40 The ST-CC outer coating
thickness was �0.74 mm before heat treatment (Fig. S1(a); in
ESI†). Aer heat treatment, the microcapsule surface has con-
tracted to a mean diameter of �2.5 mm (Fig. 3(c)) and the
thickness of the outer coating decreases to�0.65 mm (Fig. S1(b);
in ESI†). These rough surfaces showed a high surface area,
which will facilitate better interaction with the polymer matrix
during composite preparation. Pores were also observed on the
surface of ST-CC microcapsules aer heat treatment as a result
of surfactant removal. These pores could be used for the
encapsulation of the EPX polymer using the vacuum evacuation
method (Fig. 3(c)). The pore sizes were in the range of 300–
800 nm. The SEM images of the EM-CC microcapsules are
shown in Fig. 3(e and f). They have a spherical shape with
a mean diameter of �3.4 mm. The EM-CC outer coating thick-
ness was �0.88 mm (Fig. S1 (c); in ESI†), which is a signicantly
high thickness value compared to that of ST-CC. Further, the
shell walls of the microcapsules showed a rough appearance
with a slightly bulgy surface (Fig. 3(e)). The SEM image in
Fig. 3(f) gives evidence that the organic EPX polymer was
encapsulated within the EM-CC microcapsules (images were
taken aer breaking it). These CCmicrocapsules were separated
quickly from the water medium by pipetting out the superna-
tant within a few minutes aer the mixing of precursors
together. Both microcapsules have a high surface area due to
ake-like or bulgy rough appearance. These structural and
morphological characteristics of microcapsules were deter-
mined by the mechanism of their formation. It was found
earlier41,42 that the growth of CC microcapsules is a type of
colloidal aggregation of primary amorphous CC nanoparticles,
which suddenly appears with the mixing of calcium chloride
and sodium carbonate precursor solutions, into spherical
micron-sized microcapsules. They may slowly recrystallize in
water into rhombohedral calcite crystals with time. Thus, to get
the porous CC microcapsules, the recrystallization process
should be stopped at the spherical stage by ltering and thor-
oughly washing with water.42
Encapsulation efficacy

The loading capacity and the thermal stability of the EPX
encapsulated microcapsules were assessed by tracking the mass
losses of the hollow and loaded microcapsules with TGA aer
washing with acetone. The thermograms of the hollow ST-CC
and EM-CC microcapsules (unloaded), lled ST-CC and EM-
CC microcapsules (loaded), and EPX resin (ARALDITE 506)
polymer are shown in Fig. 4. It can be seen that the thermal
decomposition of both hollow and lled microcapsules have
different thermograms. The hollow ST-CC microcapsules were
used for the TGA analysis aer heat treatment at 500 �C for 2 h.
The total mass-loss was less than 1% from 50 to 600 �C, which
corresponds to the loss of adsorbed moisture and the
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The FE-SEM images of ST-CC microcapsules (a and b) before heat treatment, (c) hollow microcapsules after heat treatment process, (d)
after encapsulation of EPX by vacuum evacuationmethod, (e) EM-CCmicrocapsules with bulgy surface, and (f) the encapsulated EPX resin within
EM-CC microcapsules after breaking it.
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degradation of the residual surfactant that remained aer the
heat treatment. Thus, this indicates that the ST-CC hollow
microcapsules had higher thermal stability compared to other
CC microcapsules.
Fig. 4 The thermogravimetric analysis (TGA) thermograms of (a) ST-CC h
microcapsules, (d) EM-CC filled microcapsules, and (e) EPX resin (ARALD

This journal is © The Royal Society of Chemistry 2019
For the ST-CC microcapsules, the rst mass loss of less than
1% below 100 �C corresponds to the absorbedmoisture, and the
subsequent 10% from 100–500 �C relates to the decomposition
of uncured EPX resin polymer. The EM-CC hollow and lled
ollowmicrocapsules, (b) ST-CC filledmicrocapsules, (c) EM-CC hollow
ITE 506) polymer.
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microcapsules were subjected to the TGA analysis without heat
treatment.

Therefore, the surfactant used for the synthesis of the
microcapsule remains within the microcapsule. The initial
mass-loss of EM-CC hollow microcapsules represents less than
2.25% below 100 �C and is related to the loss of moisture
absorbed and high volatile polymer fraction of the surfactant.
Consequent mass-losses were around 11.5%, which represented
the decomposition of the residual surfactant from 100–600 �C.
Indeed, the encapsulated EPX resin and surfactant were present
together. So, the EM-CC microcapsules further lose about 36%
of their mass due to the decomposition of the surfactant and
uncured EPX resin polymer from 100–600 �C.

Amongst all the microcapsule types, the EM-CC microcap-
sules showed higher mass-loss due to high loading capacity. In
essence, the increase in the loading capacity of EM-CC micro-
capsules occurs due to two types of organics (both epoxy and
surfactant) including uncured EPX resin polymer which
decomposes around 300 �C.43 The loading capacity of ST-CC
microcapsules and EM-CC microcapsules were estimated to
be 11% and 36%, respectively. The highest rate of mass-loss,
estimated to be 65%, from pure EPX resin monomer thermo-
gram was observed in the range of 200 to 400 �C. Such a severe
loss in its mass was due to the decomposition of uncured EPX
resin monomer at 300 �C.43 The thermal stability of the encap-
sulated EPX monomer within CC microcapsules was higher
than that of pure EPX resin monomer, as demonstrated from
the residual content at the end of TGA analysis from CC
microcapsules and pure EPX resin monomer.

Fourier Transform Infrared Spectroscopy (FTIR) spectra of
EPX resin (ARALDITE 506), ST-CC hollow microcapsules, ST-CC
microcapsules, EM-CC microcapsules without polymer, and
EM-CC microcapsules with polymer are illustrated in Fig. 5.
There are two characteristic absorption bands of the oxirane
ring, which are detected in the FTIR spectrum of the EPX resin
polymer (ARALDITE 506) within the wavenumber range of
4000 cm�1 to 400 cm�1. The rst one, at 915 cm�1, corresponds
to the C–O stretching of the oxirane group. The second band,
positioned at 3057 cm�1, can be ascribed to the C–H stretching
of the methylene group of the EPX ring. The intensity of this
band was low and was very close to that of the strong O–H
absorptions. Nevertheless, it can be used as a qualitative indi-
cation of the presence of EPX groups in the low polymerized
EPX monomers.44 However, major peaks of diglycidylether of
bisphenol A at 3057 cm�1, 1607 cm�1, 1508 cm�1, 1033 cm�1,
and 915 cm�1 (ref. 8 and 44) (Table 1) also appeared in the
spectra of ST-CC and EM-CC microcapsules. The presence of
these specic peaks of EPX resin in the spectra of ST-CC and
EM-CC microcapsules conrms the encapsulation of EPX
within the core of both the microcapsules. Any changes in the
position of the peaks or intensity were not observed in the
spectra of microcapsules with or without the polymer. This
conrms that CC shell and EPX resin have not undergone any
chemical reaction or interaction.

Furthermore, the 13C NMR technique was also used to
conrm the encapsulation. Fig. 6(a and b) shows the 13C NMR
spectra for EPX (ARALDITE 506) encapsulated ST-CC and EM-
23672 | RSC Adv., 2019, 9, 23666–23677
CC microcapsules, respectively. Peaks denoting quaternary
–C– (at 156.35 and 143.65 ppm), –C–H of aromatic ring (at
127.79 and 114.02 ppm), –CH2 of aliphatic and oxirane ring (at
68.76 and 44.78 ppm), –C–H of oxirane ring (at 50.20 ppm), and
–CH3 bonds of EPX (Araldite 506) (at 31.03 ppm) (ESI displays
Fig. S2–S4†) can be observed in the NMR spectra of ST-CC and
EM-CC, which conrms the encapsulation of EPX within the CC
microcapsules. Thus, the NMR data are in good agreement with
the FTIR results.8,44,45
Self-healing of EPX composite coatings

Scratch tests were performed on the EPX composite coatings of
the metal substrate by varying the loading concentration as
10 wt%, 20 wt%, and 50 wt% with both types of CC microcap-
sules. The composite coatings were applied on metal substrates
to investigate the releasing ability of the loaded CC microcap-
sules aer 24 h of manually fracturing the coatings. As shown in
Fig. 7(a), the control specimen associated with the scratch
exhibited no signs of release as the depth of the scratch was
unchanged. Similarly, none of the EPX/EM-CC coatings
exhibited any signs of the apparent release of the healing agent.
Indeed, EPX/ST-CC10 also did not show any healing properties.
But, EPX/ST-CC20 showed signs of a moderate release of the
healing agent (Fig. 7(d)), indicating that the minimal ST-CC
loading should be 20 wt% in order to trigger the healing
process. Additionally, Fig. 7(b) shows a signicant release of the
healing agent from EPX/ST-CC 50 composite coating as the
scratch was lled up. Once the coating was scratched, the
microcapsules along the scratch got damaged, and as a result,
the healing agent released into the cavities, thus lling up the
gaps. The micrographs of EPX/ST-CC 10 and EPX/EM-CC 10 are
given in the ESI (Fig. S5(a and b)†). The release study (stimu-
lating the healing properties) indicated that EPX/ST-CC coat-
ings with 20 wt% or higher CC microcapsules contribute
towards self-healing. The ST-CC microcapsules outperformed
EM-CC due to (i) less thickness of the shell wall than EM-CC,
which was around 650 nm aer the heat treatment while that
of EM-CC was around 880 nm (Fig. S1(b and c); in ESI†);
a thinner wall thickness would allow ST-CC to intrude easily
upon crack propagation, (ii) the ake-like rough surface of the
ST-CC microcapsules shows higher surface area than EM-CC
microcapsules, which will facilitate better interaction with the
polymer matrix during composite preparation (when CC
microcapsules interact well with the matrix, propagation
through the microcapsules should be enhanced), and (iii) the
release of EPX through the tiny pores (due to pressure difference
at induced stress), apart from the crack intrusion through ST-
CC microcapsules, can also be a release mechanism. Despite
the high loading capacity of EM-CC (loading contains a fraction
of the surfactant), ST-CC showed better performance due to the
aforementioned synergistic effects.

The light microscopy images of EPX/EM-CC10 and EPX/ST-
CC10 are illustrated in Fig. 8(a and b), respectively. It shows
that both types of microcapsules are well dispersed within the
EPX matrix. The light microscopy images of EPX/ST-CC10 and
EPX/EM-CC10 composite thin coatings with manually induced
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 The FTIR spectra of (a) EPX resin (ARALDITE 506), (b) EM-CC microcapsules, (c) EM-CC microcapsules without EPX, (d) ST-CC micro-
capsules, and (e) ST-CC hollow microcapsules (* denotes similar peaks corresponding to CC shell material).
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cracks exhibit the release of healing agents from the micro-
capsules (Fig. 9).

Further, it was observed that the self-healing mechanism of
the capsule-based self-healing EPX composite coatings gets
triggered upon the intrusion of the microcapsules and releases
healing agents into the matrix crack sites. The concept was
validated by evaluating EPX/ST-CC10 and EPX/EM-CC10
composite thin-coatings aer manually rupturing or scratch-
ing the coating surface with a sharp object (Fig. 9 and 10,
respectively). Fig. 9(a–d) shows the EPX polymer release from
the composite coating of the ST-CC microcapsules. It is evident
that the microcapsules were broken along the fracture
Table 1 The table presents the characteristic bands of EPX and EPX loa

Band (cm�1)

3057
2965–2870
1608
1508
1033
915
831
756

This journal is © The Royal Society of Chemistry 2019
propagated path (Fig. 9(d) and 10(b)). Fig. 10(a–d) shows the
crack propagation in EPX/EM-CC10 composite thin coating,
and it was observed that the microcapsules were halved along
the crack propagated path to release the healing agent.

Additionally, the released EPX patches were also visible as
a result of induced mechanical stresses on the thin coatings
(Fig. 10(d)). As demonstrated, the encapsulated healing agents
in the core of both types of CC microcapsules were released to
the crack sites in order to trigger the self-healing process. The
optical microscopy images of the scratch test of the composite
coatings with other loadings (20 and 50 wt%) are given in the
ESI (Fig. S6†).
ded CC microcapsules

Assignment

Stretching vibration of C–H of the oxirane ring
Stretching C–H of CH2 and CH for aromatic and aliphatic
Stretching vibration of C]C of aromatic rings
Stretching vibration of C–C of aromatic rings
Stretching vibration of C–O–C of oxirane ether group
Stretching vibration of C–O of oxirane group
Stretching vibration of C–O–C of oxirane group
Rocking vibration of CH2
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Fig. 6 The 13C solid NMR spectra of (a) EPX encapsulated ST-CC microcapsules, and (b) EPX encapsulated EM-CC microcapsules.

Fig. 7 The FE-SEM images of the scratch test on the EPX composite coatings (a) neat [EPX], (b) EPX loaded ST-CC 50 wt% [EPX/ST-CC 50], (c)
EPX loaded EM-CC 50 wt% [EPX/EM-CC 50], (d) EPX loaded ST-CC 20 wt% [EPX/ST-CC 20], and (e) EPX loaded EM-CC 20 wt% [EPX/EM-CC 20]
after 24 h of scratching, carried out with the help of a sharp object.

23674 | RSC Adv., 2019, 9, 23666–23677 This journal is © The Royal Society of Chemistry 2019
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Fig. 8 The light microscopy images show a better dispersion of (a) EM-CCmicrocapsules 10 wt% loaded composite thin coating and (b) ST-CC
10 wt% loaded composite thin coating before scratching.
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The ST-CC microcapsules with 50 wt% loading exhibiting
a better performance were incorporated into an EPX resin
matrix to create a self-healing thin coating, and an accelerated
anti-corrosion salt spray test was carried out to evaluate the anti-
Fig. 9 The light microscopy images of (a–d) EPX/ST-CC10 with EPX th
release of the encapsulated EPX after scratching with a sharp object.

This journal is © The Royal Society of Chemistry 2019
corrosion performance of the self-healing thin coating. Fig. 11(a
and b) show images of the accelerated corrosion test. The
scratched area of the metal plate coated with self-healing
coating did not show any signs of corrosion compared to the
in composite coating on the glass substrate, thereby confirming the

RSC Adv., 2019, 9, 23666–23677 | 23675
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Fig. 10 The light microscopy images of (a–c) EPX/EM-CC10 after scratching with a sharp object and (d) after applying a high force on the thin
coating with a hammer head (all images were taken under 20 mm resolution).
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control sample (EPX coating without capsules). This demon-
strates the excellent corrosion protection of the prepared self-
healing coatings.
Fig. 11 The corrosion test results for metal panels coated with (a)
control EPX coating, and (b) EPX coating mixed with 50 wt% of ST-CC
microcapsules. 0.1 MNaCl solutionwas sprayed on themetal plate and
kept for 48 h before photography.

23676 | RSC Adv., 2019, 9, 23666–23677
Conclusions

The EPX resin encapsulated calcium carbonate spherical
microcapsules were successfully fabricated using two methods,
namely, the so-template method and the emulsion method.
The sizes of the two types of calcium carbonate microcapsules
(EM-CC and ST-CC) were in the range of 2 to 4 mm, with outer
shell wall thicknesses of around 600–900 nm. The TGA analysis
revealed that the total EPX loading capacity within the ST-CC
and EM-CC microcapsules were 11% and 36%, respectively.
The FTIR and NMR analysis conrmed the EPX encapsulation
and the absence of chemical interactions between EPX and CC
microcapsules. Further, the EPX/ST-CC and EPX/EM-CC
composite coatings showed the release of the encapsulated
healing agents from the microcapsules upon stress intrusion.
According to the FE-SEM images, the EPX/ST-CC20 and EPX/ST-
CC50 coatings exhibited superior release performance
compared to EPX/EM-CC composite coatings. Thus, these
formaldehyde-free, non-toxic, biocompatible, and biodegrad-
able CC microcapsules show great potential to be used in self-
healing protective coatings, for example, on metal substrates
for prolonged protection from corrosion.
This journal is © The Royal Society of Chemistry 2019
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