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ABSTRACT: Carbon nanocapsules doped separately with epoxy
and polyamine were used to fabricate an epoxy nanocomposite
coating. Carbon nanospheres with dual-encapsulated epoxy/
polyamine were dispersed uniformly in the epoxy resin at
concentrations of 2, 5, and 10 wt %. The mechanical properties of
the nanocomposites were studied by tensile testing and scratch
hardness measurements. Furthermore, nanocomposites were
applied on mild steel substrates, and their corrosion protection
and barrier performance were evaluated using electrochemical
impedance spectroscopy (EIS). Adhesion loss measurements of
coatings after 240 h exposure to 3.5 wt % NaCl solution were
performed by pull-off adhesion testing. Also, the buried steel/
polymer interface was studied in situ using attenuated total
reflection Fourier transform infrared spectroscopy in the
Kretschmann geometry. The results showed that both mechanical
and corrosion protection properties of the prepared nano-
composites are enhanced as compared to the baseline epoxy
coating and improved with the concentration of doped carbon nanocapsules. Maximum mechanical and corrosion protection
properties were achieved in the case of 10 wt % doped carbon nanocapsules as a result of active intermolecular interactions
between the epoxy and polyamine chains of the coating matrix and amine groups grafted on the surface of carbon capsules.

1. INTRODUCTION

Polymeric materials such as epoxies and polyurethanes are
widely used as organic coatings to protect metallic structures
against corrosion.1−3 Covering the surface of metals with
organic coatings provides a physical barrier between the surface
of the metallic substrate and a corrosive environment.4,5 Among
all organic coatings, epoxy coatings are known for their cost-
efficiency, excellent adhesion, easy accessibility and applicability,
mechanical properties, and electrical insulation.6−8 However,
like other polymers, epoxy is permeable to environmental
components such as water, oxygen, hydroxyl, and aggressive
chloride ions resulting in a reduced corrosion protection.4,9

Upon exposure of the coating systems to corrosive media, the
electrolyte penetration to the metal−polymer interface may lead
to adhesion loss, coating delamination, and blistering.2,4,9

In recent decades, many attempts have been undertaken by
researchers to enhance the corrosion protection and barrier
performance of epoxy coatings against corrosive species.10

Modification of the epoxy with active and nonactive silane
precursors such as aminopropyltrimethoxy11 and bis-1,2-
(triethoxysilyl)ethane12,13 on AA2024 alloy showed that the
coating adhesion and corrosion protective performance of epoxy

coatings were enhanced remarkably in the presence of the
organosilanes. Moreover, micro-/nanopigments, fillers, and
other additives have been incorporated in epoxy coatings to
enhance their durability and corrosion protective perform-
ance.14,15 The results demonstrated that fillers and pigments
such as glass flake,16 zinc oxide,17 lamellar aluminum fillers,18

inhibitive and sacrificial pigments, e.g., zinc phosphates19,20 and
zinc17 enhanced the corrosion protection of the polymer system
in corrosive media. Among these fillers and pigments, nanofillers
physically block micropores and cavities of the polymer matrix
and reduce the penetration of the electrolyte through the coating
and consequently to the metal/coating interface due to a higher
surface area compared to the microsized fillers conventionally
used.2,21

The barrier and corrosion protective properties of various
types of nanofillers such as ZrO2,

22 Ag2O,
23 SiO2,

24 Al2O3,
25

ZnO,26 Fe2O3,
27 Cr2O3,

28 TiO2,
29,30 Au,31 and clay32 incorpo-
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rated in epoxy coatings applied on steel substrates have been
studied in saline aqueous solutions. It was shown that epoxy
coatings offer better barrier and corrosion protective properties
in the presence of these nanoparticles. Carbon-based nano-
structures, e.g., carbon nanotubes,33 nanodiamond,34 full-
erene,35 graphene,33 graphene oxide,2 and carbon spheres,36

have been studied widely to fabricate nanocomposite coatings
with enhanced chemical, physical, mechanical, and corrosion
protective properties. The barrier and corrosion protection
properties of the organic coatings are enhanced by introducing
micro-/nanocontainers doped with active agents such as
corrosion inhibitors, catalysts, and film-forming agents, such as
curable resins, reactive monomers, oil-based healing agents, and
organofunctional silanes in the polymer matrix.36,37 The
embedded micro-/nanocontainers, e.g., graphene-based nano-
structures, promote the overall mechanical strength of the
matrix and the timely release of the doped active agents via
capillary forces within the damaged areas. This, in turn, recovers
the damaged region by healing and consequently active
corrosion protection.
Direct incorporation of these active agents in the polymer

matrix may cause structural defects and reduce the protection
efficiency of the coatings due to their effects on the curing
reactions.37 To overcome these drawbacks and to prolong the
durability of the polymer matrix, encapsulation of active agents
in micro-/nanoreservoirs can both provide barrier properties
and control the release of agents at coating defects on-
demand.36,38,39 Among the above-mentioned pigments and
nanofillers, almost none of them have interior spaces, cavities,
and porous structure for encapsulation of these active agents.
Consequently, porous and hollow structures such as halloy-
sites,40 montmorillonites,41 bentonites,42 zeolites,43 layered
double hydroxides,39 polymeric layer-by-layer assembled
structures44 and other hollow nanocontainers37,45 are used as
hosts for active agents.
Yi et al.46 and Jin et al.47 reviewed the effects of epoxy/amine

dual core polymeric microcapsules on the self-healing properties
of an epoxy resin. They reported that release of epoxy and amine
active agents could heal coating defects and prevent coating
delamination. The same results were obtained for an epoxy
coating containing double stimuli-responsible urea−formalde-
hyde microcapsules doped separately with linseed oil and azole
components by Leal et al.48 and Siva et al.45 The effects of epoxy
microcapsules and polyaniline nanofibers on the self-healing and
protective properties of the epoxy coating were evaluated by
Zhang et al.49 They showed that the highest protection and self-
healing performance was achieved by epoxy microcapsules and
polyaniline nanofibers incorporated in the epoxy coating.
In the previous work, graphene-based carbon hollow spheres

doped with corrosion inhibitors were fabricated to study the pH-
triggered release of inhibitors from carbon containers to the
saline solution.36

The aim of this study is to evaluate the effects of epoxy/
polyamine dual-encapsulated carbon nanospheres on the
mechanical, barrier performance, and corrosion protection
properties of the intact epoxy coatings containing different
concentrations of doped carbon capsules. EIS measurements
were used to study the corrosion protection performance of the

nanocomposites applied on steel substrates. The adhesion
strength of the coating systems before and after 240 h exposure
to 3.5 wt %NaCl solution was assessed by pull-off adhesion tests.
The mechanical properties of epoxy nanocomposites were
investigated using tensile testing and scratch hardness measure-
ments.

2. EXPERIMENTAL SECTION
2.1. Materials. Epikote 828 epoxy resin and Epikure F205

polyamine hardener were purchased from Kian Resin Co., Iran.
ST-12 steel plates were obtained from Foolad Mobarake Co.,
Iran. Table 1 shows the chemical composition (wt%) of the steel
plates. The surface of steel samples with 100 mm × 80 mm × 1
mm dimensions were polished using 400, 800, and 1200 grade
SiC papers and then cleaned with acetone (98%, Mojallali Co.,
Iran) prior to coating application. Commercially pure iron
sheets (99.95%) were purchased from Goodfellow.

2.2. Synthesis of Epoxy/PolyamineDual-Encapsulated
Carbon Spheres. A silica templating method was used to
synthesize carbon hollow spheres (CHSs) as reported in detail
in our previous work.36 For this purpose., silica templates were
synthesized by the Stober method. Then, silica core/
polysaccharide shell nanostructures were fabricated using a
hydrothermal method. Silica core/carbon shell nanostructures
were obtained by high-temperature carbonization of silica core/
polysaccharide shell nanostructures under an inert atmosphere.
An acid treatment method was employed for silica templates
removal. Before loading of epoxy and polyamine in the
synthesized CHSs, the surface of CHSs was chemically modified
by (aminopropyl)triethoxysilane (APTES) to enhance their
compatibility with the epoxy matrix. Encapsulation of epoxy and
polyamine agents in separate CHSs was performed by
preparation of dilute suspensions of CHSs in epoxy/acetone
and polyamine/acetone solutions in a vacuum chamber as
discussed in detail in literature.46 In the present work, the epoxy
and polyamine loaded carbon spheres were denoted as Ep-DCS
and Am-DCS, respectively. The core contents of Ep-DCSs and
Am-DCSs were evaluated using a solvent extractionmethod. For
this purpose, a bath sonicator (James SONIC 6MX, 240 W and
37 kHz) was used to disperse a certain amount of doped carbon
capsules (WDCS) in acetone for 12 h. Then, the extracted carbon
capsules were washed three times by acetone and dried in an
oven at 60 °C for 24 h. The final extracted carbon capsules
weight (WCHS) was measured and the core content of doped
carbon capsules was calculated using eq 1.

=
−

×
W W

W
core content of doped carbon capsules/% 100DCS CHS

DCS (1)

After calculation of the core contents of Ep-DCSs and Am-DCSs
by eq 1, the epoxy and polyamine contents doped in carbon
capsules were about 35 and 39% based on the weight of Ep-
DCSs and Am-DCSs, respectively.

2.3. Sample Preparation. 2.3.1. Mechanical Character-
ization. In order to investigate the mechanical properties of the
prepared nanocomposite coatings, the uncured nanocomposites
were cast in a silicon rubbermold according to ASTMD638 and
kept at ambient conditions (24 ± 1 °C and 30 ± 2% relative
humidity (RH)) for 24 h. Then, the molded nanocomposites

Table 1. Chemical Composition of ST-12 Plates

element Si P S C Cu other Fe

wt % 0.016 0.005 0.0086 0.037 0.065 0.13 balance
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were postcured for 1 h in a furnace at 110 °C. The
nanocomposite sheets with 60 mm × 40 mm × 3 mm
dimensions were prepared by the same procedure as that for
the scratch hardnessmeasurement. Triplicates were prepared for
each tensile test and scratch hardness measurement.
2.3.2. EIS and Pull-off Experiments. To prepare epoxy

nanocomposite coatings, 0, 2, 5, and 10 wt % of Ep-DCSs were
uniformly dispersed in the epoxy resin using a bath sonication
for 20 min. Then, 0, 1, 2.5, and 5 wt % Am-DCSs were dispersed
in the polyamine hardener by the same procedure to ensure the
complete reaction between epoxy and polyamine agents in a
stoichiometric ratio (2:1, w/w). Next, the prepared epoxy resins
containing EP-DCSs were mixed with the proper polyamine
hardeners containing Am-DCSs in a stoichiometric ratio, and
then the prepared nanocomposites containing 0, 2, 5, and 10 wt
% Ep-DCS were labeled as EP, EP-DCS-2, EP-DCS-5, and EP-
DCS-10, respectively. All epoxy coatings were applied on steel
substrates using a four-sided film applicator (Elcometer 3520
Baker) at a wet thickness of 90± 5 μm. The coated steel samples
were kept at ambient temperature (24± 1 °C and 30± 2% RH)
and then postcured for 1 h in a furnace at 110 °C. The dry
thickness of samples after curing was determined by an
Elcometer 456 and was 65 ± 5 μm. For EIS measurements,
the coated steel plates were cut into 100 mm × 40 mm × 1 mm
dimensions and all measurements were carried out on 1 cm2 of
the coatings. A hot melt beeswax−colophony mixture was used
to seal the remaining area of each sample.
2.4. Characterization. The morphology of the fabricated

carbon spheres before and after removal of silica templates and
the sonication process were evaluated using FE-SEM (Jeol, JSM-
6500F, Japan). To ensure the silica template removal, energy-
dispersive X-ray spectroscopy (EDS;Oxford Instrument, United
Kingdom) was conducted before and after the acid treatment
process by elemental line scans of carbon (C), oxygen (O), and
silicon (Si) on silica core/carbon shell structures. FE-SEM
analysis of the fracture surface of nanocomposites after the
tensile test was also performed to study the dispersion of doped
carbon spheres in the epoxy matrix.
A universal tensile machine (Zwick, Roell-Z010, Germany)

was used to evaluate the effects of Ep-DCSs and Am-DCSs on
the mechanical properties of epoxy coatings at ambient
conditions (24 ± 1 °C and 30 ± 2% RH) at a loading rate of
1 mm min−1. The scratch hardness values of the prepared
nanocomposites were determined according to ASTMG171-03
by a scratch hardness tester (Sharif-Azma, Iran). The width of
the scratch tracks of the samples was measured by an optical
microscope (Olympus bx51, Japan) at three different locations.
All measurements were carried out under a 5 N normal load and
1.5 mm s−1 scratch rate. The scratch hardness values were
calculated by eq 2:50,51

π
=H

F
b

8
S

N
2 (2)

where FN and b are the applied normal load and width of the
scratch track, respectively.
The adhesion strength of all epoxy coatings to the steel

substrates before and after 240 h exposure to 3.5 wt % NaCl
solution was determined by a PosiTest pull-off adhesion tester
(DEFELSKO). For this purpose, a two-part transparent
adhesive (Huntsman Advanced Materials, Germany) was used
to glue the aluminum dollies (20 mm in diameter) on the
coatings surface. Then, the samples were placed in ambient
temperature for 24 h for full curing of the glues. Finally, the

coating around the dollies was slotted and the dollies were then
pulled at a 10 mm min−1 normal speed until the coatings
detached from the steel substrates. The pull-off adhesion tests
were performed three times at 24 ± 1 °C and 30 ± 2% RH
according to ASTMD4541 standard to study the reproducibility
of measurements.
To study the adhesion mechanism of nanocomposite coatings

at the steel/coating interface, an ATR-FTIR technique was used
in Kretschmann geometry. For this purpose, an FTIR
spectrometer (Thermo SCIENTIFIC, NICOLET 6700, USA)
equipped with a mercury−cadmium−telluride liquid-nitrogen-
cooled detector and a Harrick Seagull multipurpose reflection
accessory was employed. Before the measurement, the surface of
internal reflection element (IRE) hemispheres (Harrick
Scientific Products Inc., 25 mm in diameter) made of
germanium (Ge) and zinc selenium (ZnSe) was coated by a
thin film of pure iron (25 nm in thickness) by means of a high-
vacuum evaporation (Balzers BAE 250, USA) coating system.
Then, the coated GE IRE was attached in the accessory, and
uncured EP and EP-DCS-10 coatings were applied on the
surface of the Ge IRE (500 μm in thickness). In situ FTIR
spectra of curing coatings were recorded every 20 s until the
applied coating was fully cured. The same process was repeated
for the coated ZnSe IRE.
The effects of incorporation of Ep-DCSs and Am-DCSs on

the corrosion protective ability of the epoxy coatings were
evaluated at different immersion times (5, 25, and 50 days) by
EIS tests. All EIS measurements were conducted in a three-
electrode cell including saturated Ag/AgCl, platinum, and
coated steel samples as the reference, counter, and working
electrodes, respectively. CorrTest (CS 350, China) was
employed to measure the EIS data at open circuit potential
(OCP) in the frequency range of 10 mHz to 10 kHz and at 10
mV (peak to zero) amplitude. The measurements were
performed in triplicate to check the reproducibility of the data.

3. RESULTS AND DISCUSSION
3.1. Carbon Capsules Characterization. FE-SEM analysis

was used to assess the effect of applied stresses during the
sonication method on mechanical properties of carbon shells.
FE-SEM images of the carbon capsules before and after
sonication in acetone are shown in Figure 1. The morphology
of the synthesized hollow nanostructures originates from the
final shape of the used templates in the soft and hard templating
processes performed. As shown in Figure 1a,c, the carbon
capsules before and after removal of silica templates are spherical
with an average diameter of 300 ± 50 nm. Also, after silica
template removal, the spherical shape of carbon shells was
retained, which indicates adequate mechanical properties and
dimensional stability of the carbon shells. After the sonication
process, the large agglomerations of silica core/carbon shells and
CHSs were broken into smaller agglomerations with less than 20
nanospheres. Furthermore, no changes in the spherical
morphology of capsules and fragments of carbon shells were
observed. This indicates that the applied stresses during
dispersion of the doped carbon capsules in the epoxy matrix
did not lead to mechanical failure of the carbon shells.
EDS elemental line-scan analysis was performed on carbon

capsules before and after extraction of the silica templates via the
acid treatment to evaluate the effects of template removal. Figure
2a shows that before template removal, C, O, and Si elements
can all be found on silica core/carbon shell structures. Higher
silica core/carbon shell weight ratios have resulted in the higher
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content of O and Si elements as compared to C. After the acid
treatment, the concentrations of O and Si elements were
considerably lower, and the higher concentration of C in
comparison with O and Si elements showed formation of hollow
carbon shells (see Figure 2b).
3.2. Mechanical Characterization of Nanocomposite

Coatings. The effects of addition of doped carbon capsules on
the mechanical properties of the epoxy were investigated using a
tensile test. The typical stress−extension curves of different
samples, as well as the extracted data from stress−extension
curves including tensile strength, tensile extension, Young’s

modulus, and toughness, are presented in Figure 3. As shown in
Figure 3a,b, the tensile strengths for all nanocomposites were
enhanced in the presence of doped carbon capsules and reached
from 32 to 74 MPa for EP and EP-DCS-10, respectively.
Addition of solid rigid fillers such as graphene-based carbon
capsules with good mechanical properties makes the soft epoxy
matrix less flexible, enhancing the tensile strength and
decreasing the elongation at failure of nanocomposite samples.
During the tensile test, the polymer chains of the matrix have
considerable segmental mobility and they can slip and slide
leading to the disentanglement of the polymer chains.22

However, the segmental mobility of the epoxy chains decreases
with the placement of carbon capsules between the epoxy
chains, resulting in a decrease of the elongation at failure of
about 75% for EP-DCS-10 compared to an EP sample due to the
created steric hindrance by the doped carbon capsules.
It can be inferred that grafted NH2 groups on the surface of

carbon capsules can react with epoxide groups of epoxy chains
(see section 3.4) and form a strong filler/polymer interface with
enhanced mechanical properties around carbon capsules.
Consequently, the applied stresses can properly transfer from
the epoxy matrix to carbon capsules by the formation of this
strong interface. Thus, carbon capsules can play a role of
alternative cross-linkers in the epoxy matrix restricting the
segmental mobility of epoxy chains, thereby enhancing the
tensile strength of the matrix and increasing the Young’s
modulus as shown in Figure 3c. The area under the stress−
extension curve is considered as toughness which is equal to the
energy content absorbed by the sample before mechanical
failure.52 Increasing toughness of epoxy samples in the presence
of carbon capsules indicates that the samples containing higher
concentrations of doped carbon capsules can absorb more

Figure 1. FE-SEM images of the carbon capsules before and after
removal of silica templates (a and c) and sonication process (b and d),
respectively.

Figure 2. FE-SEM images and EDS elemental line-scan plots of carbon capsules before (a) and after (b) removal of silica templates.
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energy before mechanical failure due to good compatibility and
dispersion of carbon capsules in the epoxy matrix.
Dispersion of carbon capsules in the epoxy matrix for EP-

DCS-2 and EP-DCS-10 samples was studied by FE-SEM
analysis from the fracture surface of nanocomposite samples
after tensile testing as illustrated in Figure 4. It can be seen that
carbon capsules were dispersed uniformly in the epoxy matrix.
This observation indicates good compatibility of amino-
functionalized carbon capsules with the epoxy matrix leading
to uniform dispersion and distribution with few agglomerations.
As we discussed in our previous work,36 synthesis of carbon
hollow spheres at high temperature (∼900 °C) results in carbon
capsules without functional groups at their surface. Addition of
these unmodified nanostructures to the epoxymatrix leads to the
formation of agglomerates and aggregates due to the higher
surface energy of carbon capsules before surface modifica-
tion.53,54 These agglomerates and aggregates initiate locations of
stress concentration in the epoxy matrix, and the mechanical
failure may occur at lower stresses. Amino functionalization of
carbon capsules makes them more hydrophobic.53,55 As a result,
the epoxy matrix can wet the surface of carbon capsules well and
construct a strong interface around carbon capsules due to their
higher compatibility with the epoxy matrix after surface
modification resulting in improved mechanical properties and
better dispersion.
To compare the scratch hardness of different coatings, optical

images and the width of scratch tracks on the coating surfaces are
shown in Figure 5. Values of scratch hardness calculated by eq 2
are presented in Table 2.

As shown in Figure 5 and Table 2, the widths of scratch tracks
were reduced from 196 to 166 μm with the addition of carbon
capsules for the EP-DCS-10 coating compared to EP coating. As

Figure 3. Typical stress−extension curves (a), tensile strength and extension (b), Young’s modulus and toughness (c), versus the concentration of
doped carbon capsules.

Figure 4. FE-SEM images of the fracture surface of EP-DCS-2 (a, b)
and EP-DCS-10 (c, d) nanocomposites after tensile testing at different
magnifications.
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reported elsewhere,56 the presence of graphene-based materials
even at low concentrations could offer enhanced reinforcement
of the soft polymeric materials due to their favorable physical
and chemical properties and superior mechanical strength.
Consequently, the scratch hardness and mechanical properties
of the epoxy coating increase with the concentration of
graphene-based capsules as shown in Table 2. Addition of
surface modified carbon capsules in the epoxy matrix not only
improved the mechanical properties of the epoxy bulk but also

enhanced the scratch hardness of epoxy coating against applied
stresses and indentation of sharp objects.

3.3. Adhesion Loss Measurements. The adhesion
strength of different coatings prior to and after 240 h exposure
to 3.5 wt % NaCl solution was determined using pull-off testing
shown in Figure 6. Adhesion loss values of different coatings
were calculated according to eq 3.

=
Γ − Γ

Γ
×adhesion strength loss/% 100D W

D (3)

where ΓD and ΓW are the dry and wet adhesion strengths of the
coating, respectively. As shown in Figure 6, the wet adhesion
strength of the EP sample is much lower than the dry adhesion
strength as a result of the electrolyte diffusion into the coating in
the absence of the doped carbon capsules. In addition, values of
the wet adhesion strength of all epoxy coatings were lower than

Figure 5. Optical images and widths of scratch tracks of the different coating surfaces.

Table 2. Values of Scratch Harness for Different Coatings

sample FN (N) b (mm) Hs (MPa)

EP 5 196.0 ± 2.8 331.6
EP-DCS-2 5 184.3 ± 1.3 375.0
EP-DCS-5 5 173.3 ± 4.7 424.0
EP-DCS-10 5 166.0 ± 2.9 462.3

Figure 6. Values of the wet and dry adhesion strength (a) and adhesion loss (b) of different coatings.
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those of the dry adhesion strength. This can be due to the
electrolyte diffusion to the metal/coating interface, weakening
the interfacial bonding and possible cathodic delamination of
the coating from the mild steel substrates.57 The highest wet
adhesion strength was observed for EP-DCS-10 samples. The
increment of the wet adhesion strength in the presence of Ep-
DCS and Am-DCS compared to EP and EP-CHS-2 coatings can
be related to the barrier properties of the carbon capsules
restricting the diffusion of electrolyte through the epoxy matrix
to the metal/coating interface. As a consequence, the addition of
Ep-DCSs and Am-DCSs in the epoxy coating reduced the
adhesion loss demonstrated by the lowest adhesion loss for the
EP-DCS-10 sample as shown in Figure 6b.
The dry adhesion of epoxy coatings was enhanced in the

presence of doped carbon capsules compared to EP sample
presumably due to the chemical interactions between NH2
groups grafted on the surface of carbon capsules, epoxide
groups of epoxy chains, and hydroxyl groups of steel surface.
Nonetheless, in the presence of 5 and 10 wt % Ep-DCSs, the dry
adhesion strength of EP-DCS-5 and EP-DCS-10 samples is
lower than that of EP-DCS-2. It seems that the molecular
interactions and adhesion mechanisms between epoxy chains,
carbon spheres, and the steel surface are affected by the doped
carbon capsule loading in the coatings.
3.4. ATR-FTIR. As presented in section 3.3, the dry adhesion

strength of EP-DCS-5 and EP-DCS-10 samples decreased with
incorporation of the doped carbon capsules in comparison with
EP and EP-DCS-2 coatings. The interaction modes between
epoxy chains, doped carbon capsules, and the steel substrate
were evaluated in situ employing ATR-FTIR in a Kretschmann

geometry. For this purpose, uncured EP and EP-DCS-10
coatings containing the curing agents were applied on the
surface of IREs coated with a thin layer of pure iron and the
ATR-FTIR spectra of the samples during the curing process of
the coatings were recorded upon casting of the liquid coatings
on the IREs. It is worth mentioning that the metal and polymer
interfaces are analyzed using Ge, while bulk polymer functional
groups are investigated by ZnSe as an IRE having a lower
reflection index.58−60 Figure 7 schematically presents the
respective probing regions by Ge and ZnSe IREs.
The ATR-FTIR spectra of fully cured EP and EP-DCS-10

samples and their corresponding characteristic peaks detected
by Ge and ZnSe IREs are shown in Figure 7. As shown, there is
no difference between ATR-FTIR spectra and their related
characteristic peaks of the EP sample detected by Ge and ZnSe
IREs. The wide peak at ∼3390 cm−1 is linked to the stretching
vibration of O−H bonds of hydroxyl groups in the cross-linked
epoxy−polyamine networks. The absorbance peaks related to
CH3 and CH2 groups as well as C−H stretching of oxirane rings
are located at ∼2912, ∼2860, and ∼732 cm−1, respectively. The
corresponding peak of N−H bond related to polyamine groups
appeared at ∼1720 cm−1. The peaks of C−C (∼1604 cm−1),
CC (∼1508 cm−1), C−O (∼1241 cm−1), and C−O−C
(∼1033 and ∼828 cm−1) are assigned to the backbones of the
epoxy chains.
The main characteristic peaks of the EP-DCS-10 sample

detected by the ZnSe IRE are similar to those of PE coating
probed by Ge and ZnSe IREs. However, some new peaks can be
seen in the ATR-FTIR spectrum of EP-DCS-10 detected by Ge
IRE indicating the different interactions with the iron surface

Figure 7. In situ evaluation of the polymer−metal interfaces and polymer groups by Ge and ZnSe IREs (a) and in situ ATR-FTIR spectra of fully cured
EP (b) and EP-DCS-10 (c) coatings detected by Ge and ZnSe IREs.
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compared to the EP sample. The lower intensity of all peaks and
appearance of new peaks related to the unreacted epoxide
groups (∼894 and ∼933 cm−1) and overlapped Si−O−C with
C−O−C bonds (∼1085 cm−1) demonstrate the presence of
some carbon capsules at the interface with the iron substrate.
Si−O−C and C−O−C bonds are attributed to APTES grafted
on the surface of carbon capsules and unreacted epoxy groups
released fromEp-DCSs at themetal/polymer interface. Near the
metal surface, the released epoxy and polyamine chains have no
chain mobility to react effectively with each other. It can be
deduced from these observations that the contact surface of the
epoxy matrix with the iron decreases and the stoichiometry ratio
of epoxy and polyamine groups near the metal/polymer
interface changes leading to the lower dry adhesion strength
of EP-DCS-5 and EP-DCS-10 samples.
Also, the lower intensity of the O−H bond peak shown in the

spectra of EP-DCS-10 probed by Ge IRE compared to that by
the ZnSe one can be related to fewer reactions between epoxy
and polyamine in the metal/polymer interface because of the
lower chain mobility near the metal surface resulting in lower
formation of hydroxyl groups in the cross-linked epoxy−
polyamine networks produced via ring-opening reactions of
epoxide groups (see Figure 8). Thus, the cross-linking density at
the metal/polymer interface seems to be lower for EP-DCS-5
and EP-DCS-10 samples compared to EP-DCS-2. Figure 8
schematically presents the possible chemical interactions
between NH2 groups of APTES grafted on the surface of
carbon capsules, cured and uncured epoxy and polyamine
groups and hydroxyl groups of the steel surface.
3.6. Corrosion Protection by the Nanocomposite

Coatings. EIS measurements were performed to investigate
the effect of epoxy/polyamine dual-encapsulated carbon
capsules on the corrosion protection performance of the
epoxy coatings at different immersion times in 3.5 wt % NaCl
solution. The Nyquist and Bode plots of the blank epoxy and
nanocomposite coatings are illustrated in Figure 9. The

corrosion protection performance of the coatings can be
compared by the values of total impedance at low frequency (|
Z|0.01 Hz) which, at constant electrolyte resistance values, is
indicative of the coating’s polarization and interfacial charge
transfer resistance of the coated sample.61 Figure 9 indicates that
after 5 days immersion in the corrosive solution, |Z|0.01 Hz values
for all samples are higher than 108Ω cm2, and values of the phase
angle are about −90°. EP-DCS-10 coating showed capacitive
behavior in a wide frequency range while other coatings present
capacitive behavior in the frequency range of 1 Hz to 10 kHz.
This shows a partial diffusion of the electrolyte through these
coatings after 5 days exposure in the corrosive solution. For all
coatings, after 5 days immersion, the one-time constant behavior
can be observed in EIS plots indicating a limited decrement of
barrier properties for all coatings. However, a two-time constant
electrochemical impedance behavior can be observed in Nyquist
and Bode plots of EP sample after 5 days and EP-DCS-2 and EP-
DCS-5 samples after 25 days of immersion. Coatings barrier
properties declined with increasing immersion time due to
electrolyte diffusion through the epoxy coatings. Figure 9b
shows the Bode plot of EP-DCS-10 coating after 5 days exposure
to the corrosive electrolyte with a straight line of −1 slope
indicating an intact coating/metal interface. An indication of
coating degradation with immersion time is the reduction of the
frequency range in which the capacitive behavior is dominant,
resulting in the decrease of the impedance modulus and barrier
properties of the coatings. Creation of electrolyte pathways
toward the steel substrates resulted in broadening of the resistive
behavior (in the low-frequency region) of the coatings,
indicating deterioration of the protective coating properties.
The values of the impedance modulus at low frequency (|

Z|0.01 Hz) and breakpoint frequency ( fb) of the different coatings
during immersion time are illustrated in Figure 10. fb is defined
the frequency in which the phase angle is equal to −45°.
As shown, |Z|0.01 Hz of all coatings at early immersion times (5

days) is high, indicating good barrier and corrosion protective

Figure 8. Schematic illustration of chemical interactions between NH2 groups of APTES grafted on the surface of carbon capsules, cured and uncured
epoxy and polyamine groups, and hydroxyl groups of the steel surface.
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properties of the coatings. Also, the higher low-frequency
impedance and related corrosion protection were observed for
the coatings containing a higher concentration of the doped
carbon capsules.
The low-frequency impedance decreases with immersion time

due to the degradation of the coatings by the exposure to the
saline solution. The corrosion protection performance of the
coatings can also be determined from Bode plots by the value of

f b. The f b for the coatings is related to the corrosion
protectiveness and disbonded area.2,4 According to Figure
10b, the epoxy coatings containing higher contents of doped
carbon capsules show a lower fb. Also, f b of all coatings is shifted
to higher frequencies with immersion time. This phenomenon is
the most pronounced for EP revealing a decrease of the
capacitive behavior due to the electrolyte diffusion into the
coatings.

Figure 9.Nyquist (a, c, and e) and Bode (b, d, and f) plots of the blank epoxy and nanocomposite coatings immersed for 5 (a and b), 25 (c and d), and
50 days (e and f) in 3.5 wt % NaCl solution. The fitted and experimental data are presented by solid lines and markers, respectively.
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The frequencies of the intersection points of Bode impedance
and Bode phase angle plots have also been reported to be related
to the barrier and corrosion protection performance of the
coatings.2,62 Degradation of coatings due to the electrolyte
uptake leads to the shifting of the frequency of intersection point
of impedance and phase angle plots to the higher frequencies.2

The variations in intersection Bode plots (IBP) of all coatings
versus the immersion times are presented in Figure 11. With
immersion time, IBP values of all samples are shifted to higher
frequencies indicating that the corrosive electrolyte continu-
ously diffuses into the coatings. Also, EP has a higher IBP value
compared to the nanocomposite coatings. It is inferred that the
addition of Ep-DCSs and Am-DCSs in the epoxy matrix
decreases the diffusion rate of the corrosive electrolyte into the
coating leading to a shift of IBP and f b values to the lower
frequencies.
To model the EIS data, one-time and two-time constant

electrical equivalent circuits were used as illustrated in Figure 9.
As shown in these models, Solution resistance (Rs), coating
resistance (Rc), constant phase element of coating (CPEc),
constant phase element of double layer (CPEdl), and charge
transfer resistance (Rct) were used to model the EIS spectra. The
coating capacitance (Cc) values were calculated using eq 4:63

=C
R Y

R
( ) n

c
c 0

1/

c (4)

in which Y0 and n are CPE admittance and exponent,
respectively. The calculated Rc and Cc values are shown in
Figure 12. As shown in Figure 12a, the addition of doped carbon
capsules in the epoxy coating significantly increased Rc of the
nanocomposite coatings. Also, all coatings experienced a
descending trend for Rc with immersion time as a result of the
electrolyte diffusion through the coating and formation of
corrosion products under the coatings.
Inclusion of the carbon capsules in microcavities and pores of

the epoxy matrix blocked the electrolyte pathways in the coating
and postponed the coating deterioration as shown schematically
in Figure 13a. A close relationship can be found between the
diffusion behavior of the electrolyte in the coating and the
coating capacitance.2,9 The coating with low capacitance is less
permeable than those with the higher capacitance. It can be
observed from Figure 12b thatCc values for the coatings with the
higher contents of Ep-DCSs and Am-DCSs are much lower
compared to the others. The increment of Cc with the
immersion time is related to the water uptake of the epoxy
coatings. All these observations indicate that epoxy coatings

Figure 10.Values of the impedance at low frequency (a) and breakpoint frequency (b) of the different coatings immersed in 3.5 wt %NaCl solution as
a function of immersion time.
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containing higher concentrations of carbon capsules demon-
strate the better corrosion protection properties and higher
barrier properties against the aggressive components as shown in
Figure 13. Three main reasons can be provided for the better
corrosion protection properties of the epoxy coating containing

the doped carbon capsules. First, the addition of impermeable
carbon capsules reduces the diffusion rate and increases the
diffusion length of the corrosive electrolyte into the coating.
Moreover, SN2-type nucleophilic substitution ring-opening
reactions can take place between grafted NH2 groups on the

Figure 11. IBP values of the different coatings immersed for 5 (a), 25, (b) and 50 days (c) in 3.5 wt % NaCl solution.

Figure 12. Values of Rc (a) and Cc (b) of the coatings immersed for different immersion times in 3.5 wt %NaCl solution obtained from the fitted data.
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surface of carbon capsules and epoxide groups of the epoxy
chains increasing the cross-linking density of the epoxy matrix
around carbon capsules (see Figure 13) and barrier properties of
nanocomposite coatings.4 As we reported in our previous
publication,36 ζ potential measurements showed that carbon
capsules have a negative surface charge at pHs higher than 7.
Dispersion of carbon capsules with a negative charge in the
epoxymatrix resist the transport of Cl− and other aggressive ions
with a negative charge through the coating because of the
repulsive forces shown schematically in Figure 13b. Further-
more, gradual release of epoxy and polyamine film-forming
agents from Ep-DCSs and Am-DCSs to structural defects,
micropores, and cavities of the epoxy coating and partial
reactions between them may be another reason for better
corrosion performance of carbon capsule loaded epoxy coatings.

4. CONCLUSIONS

The effects of epoxy/polyamine dual-encapsulated carbon
capsules at different concentrations on the mechanical and
corrosion protection properties of the nanocomposite epoxy
coating were studied. It was shown that incorporation of doped
carbon capsules in the epoxy matrix notably enhanced its barrier
properties and corrosion protection performance. Tensile test
results showed that mechanical properties including tensile
strength, Young’s modulus, and toughness of the epoxy coatings
increased in the presence of carbon capsules. Also, the epoxy
coatings with higher concentrations of carbon capsules showed
higher scratch hardness. EIS and pull-off results revealed that the
corrosion resistance and wet adhesion strength of nano-
composite coatings increased with increasing doped carbon
capsules concentrations. Also, adhesion loss of nanocomposite

coatings decreased due to the good barrier properties of epoxy
coatings in the presence of carbon nanospheres. NH2 groups
grafted on the carbon capsules provided proper interactions with
the epoxy chains leading to a uniform distribution in the epoxy
matrix. Furthermore, chemical interactions between NH2
groups of carbon capsules, epoxy chains, and the steel substrate
surface were found to be responsible for the enhanced
mechanical and corrosion protective properties.
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