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Abstract The present work reports the self-healing performance of the epoxy based polymeric

nanocomposite coatings containing different concentrations (1 and 3 wt%) of talc nanoparticles

(TNPs) modified with sodium nitrate (NaNO3), and a fixed amount (5 wt%) of urea-

formaldehyde microcapsules (UFMCs) encapsulated with linseed oil (LO). The polymeric

nanocomposites were developed, coated on polished steel substrates, and their structural, thermal,

and self-healing characteristics were investigated using various techniques. The successful loading

(~wt 10%) of NaNO3 into TNPs, which can be ascribed to the involvement of physio-chemical

adsorption mechanism, is validated and proceeds without altering the TNPs parent lamellae struc-

ture. The performed tests elucidated that the self-release of the corrosion inhibitor (NaNO3) from

TNPs is sensitive to the pH of the solution and immersion time. In addition, the release of the lin-

seed oil (self-healing agent) from UFMCs in response to the external damage was found to be a

time-dependent process. The superior self-healing and corrosion inhibition performance of the pro-

tective polymeric nanocomposites coatings containing 3 wt% TNPs and UFMCs/LO are proven

using the electrochemical impedance spectroscopy (EIS) studies. A careful selection of smart carri-

ers, inhibitor, and self-healing agent compatible with polymeric matrix has enabled to attain decent

self-healing and convincing corrosion inhibition efficiency of 99.9% and 99.5%, respectively, for
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polymeric nanocomposites coatings containing 3 and 1 wt% TNPs, making them attractive for

many industrial applications.

� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Corrosion has been proclaimed as one of the most destructive

phenomena, which not only results in a substantial economic
loss but can also be life-threatening and cause massive environ-
mental problems. The primary reason associated with the cor-
rosion process is the decrease in the Gibbs free energy of the

system, which causes the metal to return to its natural lower
energy state-oxide form (Gilbert, 1978). One of the common
ways to protect the materials from the deleterious effect of cor-

rosion is to form a physical barrier avoiding direct contact
between the material and the external environment. This phys-
ical barrier can be damaged or weakened during operational

use or due to the inherent porosity of the coating matrix lead-
ing to the further propagation of scratch, penetration of corro-
sive species, and thus degradation of materials. The conception
of a ‘‘smart” coating is more advanced and has been applied to

functional coatings that can respond to certain stimuli gener-
ated by internal or external factors (Gilbert, 1978). In addition
to the barrier, the coating itself must have sufficient capability

to inhibit the corrosion process if the protective barrier is dam-
aged by any means. Therefore, corrosion protection requires
the use of anticorrosion pigments or corrosion inhibitors that

protect the underlying metal. However, the direct addition of
corrosion inhibitor into a matrix is not a good idea, as it
may react with the matrix resulting in poor barrier properties

and can cause damage to the coatings (Zahidah et al., 2017).
The well-adopted approach is to load these active species into
compatible carriers or reservoirs and their uniform dispersion
into the composite matrix.

Numerous reservoirs or nanocontainers, including poly-
mer microcapsules (Khan et al., 2019a, 2019b; Lang and
Zhou, 2017), mesoporous inorganic materials (Borisova

et al. (2012); Chenan et al. (2014); Vijayan and Al-
Maadeed (2016)), porous and hollow particles and nanotubes
(Habib et al., 2019; Ubaid et al., 2019a; Vijayan et al., 2016)

have been reported in the literature. Several functionalities
can be introduced into coatings using this approach. One
of the most advanced strategies is the addition of self-

healing functionality into polymeric capsules, which has been
widely studied over a long period of time (Cho et al., 2009;
Habib et al., 2019; Montemor and Ferreira, 2008; Skorb
et al., 2009; Snihirova et al., 2010; Tedim et al., 2012). The

smart coatings incorporated with self-healing agent and cor-
rosion inhibitor not only heals the defect through a polymer-
izable agent but also inhibits corrosion at the corroding area

due to the presence of a corrosion inhibitor (Brown et al.,
2003; Snihirova et al., 2012). Various self-healing systems
have been studied so far (Abdullayev and Lvov, 2010;

Attaei et al., 2020a, Attaei et al., 2020b; Habib et al., 2019;
Khan et al., 2019b; Nardeli et al., 2021, 2020a, 2020b; Qian
et al., 2017; Taryba et al., 2011; Thakur and Kessler, 2015)
The incorporation of urea-formaldehyde microcapsules
(UFMCs) encapsulated with a suitable self-healing agent into
the polymeric matrix is one of the promising strategies to

repair the damage. The work of White et al. is well known
in this field (White et al., 2001).

Recent literature is quite valuable with lots of contributions

focusing on the encapsulation of various functional species
claiming decent self-healing and improved corrosion inhibition
abilities triggered by external stimuli such as pH, light, temper-

ature, and mechanical damage (Habib et al., 2020; Habib
et al., 2019; Khan et al., 2020; Nawaz et al., 2020a, 2020b).
Montemor et al. (Montemor et al., 2009) modified silane coat-
ings with cerium ions as an inhibiting agent, which provided

effective healing to the steel. Szabó et al. (Szabó et al.,
2015a) synthesized urea- resorcinol formaldehyde microcap-
sules loaded with linseed oil and octadecylamine (OCD) as a

corrosion inhibitor. Sehrish et al. (Habib et al., 2019) synthe-
sized UFMCs encapsulated with linseed oil as a self-healing
agent. Her work also included loading of a corrosion inhibitor

into halloysite nanotubes (HNTs) and addition of microcap-
sules and modified nanotubes into epoxy matrix. The results
obtained from EIS demonstrated decent corrosion inhibition
efficiency. Shchukina et al. (Shchukina et al., 2018) carried

out a comparative study of 8-hydroxyquinoline loaded into
two different containers comprising of HNTs and mesoporous
silica on corrosion protection of poly epoxy powder coating

and effectively inhibited the pitting corrosion.
Talc is the clay mineral composed of magnesium silicate,

which has a high resistance to acid, alkali, and heat. It is com-

monly used in the organic coating as a reservoir to load the
corrosion inhibitor and to enhance the barrier properties of
coatings (Bahrani et al., 2018). In this regard, Bahrani et al.

(Bahrani et al., 2018) successfully loaded zinc cation and 4,5-
imidazole into talc nanocontainer and studied its loading abil-
ity to release inhibitors to attain active corrosion protection in
an epoxy ester coatings. Although some reports are available

on talc, however, to the best of our knowledge, there is no pub-
lished study on talc loaded with an inorganic corrosion inhibi-
tor in combination with a self-healing agent in the epoxy

matrix.
In the present study, talc nanoparticles (TNPs) loaded with

sodium nitrate-NaNO3 (corrosion inhibitor), and UFMCs

encapsulated with linseed oil (self-healing agent) were synthe-
sized separately. The polymeric nanocomposites were devel-
oped by reinforcing the polymeric matrix with the loaded

TNPs (1 and 3 wt%) and encapsulated UFMCs (5 wt%). A
comparative analysis was made to investigate the self-healing
performance of developed polymeric nanocomposite coatings.
A decent improvement in the self-healing and corrosion inhibi-

tion performance of the developed polymeric nanocomposites
coatings make them attractive for corrosion protection in some
relevant industrial applications.
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2. Methodology

2.1. Materials

As-received talc nanoparticles (TNPs) used as nanocontainers,
sodium nitrate (NaNO3) used as the corrosion inhibitor, lin-

seed oil used as the-self-healing agent, epoxy resin (815C)
and its curing agent (EPIKURE curing agent 3282) has been
provided by Hexion, USA, hydrochloric acid (37%), sodium

hydroxide pellets, urea, formaldehyde, ammonium chloride
(NH4Cl), resorcinol and polyvinyl alcohol (PVA) (Mw
89,000–98,000, 99+% hydrolyzed), were purchased from
Sigma Aldrich, Darmstadt. Carbon steel coupons

(30 � 30 � 1.0 mm3) used as substrates were obtained from
a local source. Silicon carbide (SiC) abrasive papers were pur-
chased from China.

2.2. Synthesis of loaded TNPs and UFMCs/LO

The loading process of as-received TNPs with NaNO3 was

started with the preparation of a saturated solution of NaNO3

in water. The ratio of the inhibitor to nanoparticles in this
work was 2:1. During this process, 6 g of NaNO3 was dissolved

in 50 mL of water, and then 3 g of as-received TNPs was
added. The solution was kept on stirring for 24 h at room tem-
perature followed by vacuum cycling for another 24 h to
ensure the removal of air and the loading of the inhibitor in

TNPs. The solution was then centrifuged for 30 min at
4000 rpm, followed by drying at 60 �C overnight until it is
completely dried. The urea-formaldehyde microcapsules

(UFMCs) encapsulated with linseed oil were synthesized by
the in-situ polymerization technique, as reported in our previ-
ous work (Habib et al., 2019).

2.3. Characterization of loaded TNPs and UFMCs/LO

The microstructural analysis was conducted by transmission
electron microscopy (TEM) and field emission scanning elec-

tron microscope (FE-SEM-Nova Nano-450, FEI, New York,
NY, USA) coupled with EDS tool. The Brunauer-Emmett-
Teller-BET (Surface Area Analyzer, Micromertitcs ASAP

2420, USA) was employed to study specific surface area and
cumulative pore volume. The structural and phase purity were
examined through X-ray diffraction analysis (PANanalytical,

Empyrean, Royston, United Kingdom) X’-pert Pro Cu (Ka)
with a scanning rate of 2�/min and scanning angle ranging
between 10� � 2h � 90�. Fourier transform infrared spectra

were recorded using FTIR Frontier (PerkinElmer, Waltham,
MA, USA) spectrometer in the range of 4000–500 cm�1 utiliz-
ing ATR method. The thermal stability was conducted using
TGA/DTA analyzer pyris 4000 (PerkinElmer-USA) ranging

from 30 to 600 �C at the heating rate of 10 �C/min.
2.4. Preparation of polymeric nanocomposites

Two different concentrations of loaded TNPs (1 and 3 wt%)
and a fixed amount (5 wt%) of UFMCs encapsulated with lin-
seed oil, based on the previous study (Habib et al., 2019), were

incorporated into the epoxy resin followed by the addition of a
hardener (epoxy to hardener ratio was 5:1). The epoxy mixture
was then kept for sonication for 5 min in the degasser mode to
remove all the air bubbles from the solution. A blank epoxy
mixture was also prepared for comparison. 5 g of epoxy was

added to 1 g of hardener to prepare blank epoxy mixture.
The prepared nanocomposites coatings were applied to the
pretreated polished steel samples using the doctor blade tech-

nique and fully cured at room temperature (25 �C), for two
weeks. The thickness of cured coated sample was
150 ± 5 lm. The coating thickness gauge meter (PosiTector

6000) from DeFelsko (Made in USA) was used to measure
the thickness of coating samples. The cured coatings were
manually scratched using scalpel before EIS measurements.
The width of scratch before immersing in the electrolyte was

160 lm.

2.5. Characterization of polymeric nanocomposites

FTIR analysis was undertaken to study the chemical bonding
and structural interactions present among various species pre-
sent in the developed polymeric nanocomposites. The thermal

stability of the prepared, polymeric nanocomposites was
assessed by TGA analysis. The self-healing capability of the
synthesized nanocomposites was analyzed through FE-SEM

(Nano-450, FEI, New York, NY, USA). For this purpose,
the coated samples were subjected to artificially controlled
damage, and the self-healing process was monitored at differ-
ent intervals of time.

The self-healing ability and electrochemical performance of
the synthesized polymeric nanocomposites in 3.5 wt% NaCl
solution was investigated using electrochemical impedance

spectroscopy (EIS) technique. The EIS measurements were
carried out using Gamry 3000 (30 K BOOSTER Poten-
tiostat/Galvanstate/ZRA, USA) consisting of a three-

electrode system. In this study, the coated sample was used
as the working electrode, whereas the graphite rod and Ag/
AgCl were used as the counter and the reference electrodes,

respectively. The chloride concentration of the reference elec-
trode was 3 M. An area of 1 cm2 of the coated samples was
exposed to the NaCl solution and placed at open circuit poten-
tial for 30 min before starting the electrochemical measure-

ments as represented in Figure S2. The frequency range for
the EIS experiment was within 0.1 Hz �100 kHz from the
higher to the lower value, and the RMS signal was 10.0 mV.

The EIS test for each coating was repeated three times to guar-
antee the reproducibility. The measured EIS data were ana-
lyzed by Gamry E-Chem 3000 software, and fitting

parameters were determined by the suitable equivalent circuits.
All EIS measurements were conducted at room temperature.

3. Results and discussions

3.1. Microstructural analysis of modified nanocontainers

The morphology of the as-received, loaded TNPs and
UFMCs/LO was observed through FE-SEM (Fig. 1) and
TEM (Figure S1). TNPs have flat, smooth lamellae and tabu-

lar structures, as shown in Fig. 1a (Bahrani et al., 2018;
Shchukina et al., 2018) The FE-SEM images of loaded TNPs
are presented in Fig. 1b. It can be noticed that the loading

of NaNO3 has preserved the parent lamellae structure of
TNPs. However, the presence of NaNO3 on TNPs results in



Fig. 1 FE-SEM and EDS analysis, of (a, d) as-received TNPs, (b, e) TNPs loaded with NaNO3 and (c, f) encapsulated UFMCs.

Fig. 2 BET analysis of as-received TNPs and loaded TNPs.
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reducing their surface smoothness. The EDS analysis (Fig. 1d)
shows that the main constituents of the as-received TNPs are
Si, Mg, and O representative of their chemical composition
(Mg3Si4O10(OH)2). A comparison of EDS analysis of loaded

TNPs (Fig. 1e) and as-received TNPs shows the presence of
additional elements consisting of Na and N confirming the suc-
cessful loading of NaNO3 into TNPs. The TEM analysis dis-

played in Figure S1 also represented that TNPs are
composed of layered sheets structure. After loading the inhibi-
tor, its structure is not disturbed. The FE-SEM analysis of

UFMCs/LO is shown in (Fig. 1c). The UFMCs/LO have
demonstrated a spherical morphology, with diffused and
rough outside structure, which may be due to the dense nature

of linseed oil (Habib et al., 2019). Moreover, EDS analysis of
UFMCs/LO (Fig. 1f) confirms the presence of the main con-
stituents of urea formaldehyde and linseed oil that is carbon,
nitrogen, and oxygen. FE-SEM analysis of UFMCs encapsu-

lated with linseed oil is also already discussed and published
in our previous work (Habib et al., 2019).

The isotherm of the Brunauer-Emmett-Teller (BET) show-

ing the specific surface areas of the as-received TNPs and
loaded TNPs are presented in Fig. 2, with an inset showing
cumulative pore volume. The specific surface area (SSA) of

the as-received TNPs is determined to be 33.41 m2g�1, and
the cumulative pore volume is computed to be 0.18 ccg�1

(Qin et al., 2020, 2018). The BET measurements of the loaded
TNPs indicate that the SSA is decreased to be 29.37 m2g�1. In

addition, the pore volume is also reduced to 0.16 ccg�1, reveal-
ing the loading of the inhibitor (NaNO3) into TNPs.

The structural and chemical interaction of species present in

the as-received TNPs, the loaded TNPs, and the UFMCs
encapsulated with linseed oil were investigated through FTIR.
For a clear comparison, the FTIR spectra of NaNO3, the as-
received TNPs, and the loaded TNPs are presented in Fig. 3.
A detailed discussion about FTIR analysis of the UFMCs

encapsulated with linseed oil can be found in our previous
published work (Habib et al., 2019). As shown in Fig. 3 (inset),
in the case of as-received TNPs, the absorbance peak at

1059 cm�1 is assigned to a different vibration, and bending
modes of Si-O-Si, Si-O, and O-Si-O tetrahedral layer
(Marzbani et al., 2016; Shchukina et al., 2018; Szabó et al.,

2015b) and the peaks at 667 and 3659 cm�1 are related to
the MgO/MgOH octahedral layer (Marzbani et al., 2016).
There are no significant changes in the intensity of the peaks

upon the loading of NaNO3 into TNPs. Though some shift
in wavenumbers of the absorption band is seen from 1059 to
1070 and 3659 to 3673 cm�1, indicating changes in vibrations
of talc lattice (Bahrani et al., 2018). However, additional peaks



Fig. 3 FTIR spectra of as-received TNPs and loaded TNPs.

Fig. 4 XRD patterns of as-received TNPs and loaded TNPs.

Fig. 5 TGA and DTA analysis of as-received TNPs and loaded

TNPs.
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of NaNO3 provide interaction between TNPs and the inhibi-

tor. It can be noticed from the inset of Fig. 3, the characteristic
peaks of NaNO3 are observed at 1328 and 2426 cm�1 due to
N-O symmetric and asymmetric stretching vibrations, which

are shifted to 1353 and 2431 cm�1 in the loaded TNPs
(Trivedi and Dahryn Trivedi, 2015). This displacement in the
peaks after loading can be ascribed to the physisorption and
electrostatic interaction taken place between TNPs and the

inhibitor (Ubaid et al., 2019b).
The XRD spectra of the as-received TNPs and the loaded

TNPs are shown in Fig. 4. It can be seen that the spectra of

the as-received TNPs demonstrate a crystalline behavior with
characteristic basal diffraction peaks at 9.5�, 18.9�, 19.3� and
28.7� corresponding to (001), (002), (020) and (030) crystal

planes, respectively (Marzbani et al., 2016). It can be further
noticed that the original crystalline crystal structure of TNPs
is preserved even after the loading of NaNO3. However, some
new diffraction peaks of NaNO3 at 29.6� and 39.1� corre-

sponding to the crystal planes of (110) and (002) have
appeared, revealing that NaNO3 has been loaded in TNPs.
A detailed discussion of the XRD spectrum of UFMCs encap-

sulated with linseed oil can be found in our previous publica-
tion (Habib et al., 2019).

3.2. Thermal stability of developed smart containers

The TGA and DTA curves of the as-received TNPs and the
loaded TNPs are shown in Fig. 5. In the case of the as-

received TNPs (Fig. 5 (inset)), there is no noticeable weight
loss to 850 �C. This excellent thermal stability of the as-
received TNPs can be attributed to their inherent high decom-
position temperature (1500 �C). Only ~ 0.1% weight loss is

observed until the entire heating window, which may be asso-
ciated with the adsorbed moisture. In contrast, in the TGA
curve of the loaded TNPs, there is a considerable amount of

weight loss. The weight loss can be seen in four stages, as
shown in Fig. 5. Initially, stage 1, the loaded TNPs, remains
quite stable up to 335 �C. During stage 2, the loaded TNPs

starts to decrease its weight slowly due to the decomposition
of NaNO3 as it is unstable after 350 �C which is due to the
decomposition of sodium nitrate into sodium nitrite (NaNO2)

(Habib et al., 2019). In stage 3, a further small amount of
weight loss is observed. When the temperature is further
increased up to 850 �C designated as stage 4, it is observed that
almost all the NaNO3 has been decomposed into sodium

oxide, nitrogen dioxide and oxygen. A sharp endothermic peak
is observed at 600 �C, showing decomposition of the loaded
TNPs, and ~ 10% of weight loss is observed at this stage fol-

lowing the DTA curve. At 650 �C, the exothermic peak and
the positive loop are found, which may be related to the ther-
mal oxidation process (Navio et al., 1992). The thermal stabil-

ity of UFMCs/LO is already being reported in our previous
publication (Habib et al., 2019).

Based on weight loss measurements observed in TGA, we

can calculate the amount of the inhibitor that is loaded into
TNPs by following Equation 1 (Mekeridis et al., 2011). The
weight of the loaded TNPs at the initial stage (321 �C) is con-
sidered as W1; the weight of the loaded TNPs at the 4th stage

(850 �C) is taken as W2 and the difference in the weight loss is
DW = W2-W1. Hence, the ratio mass loss (rm) for the loaded
TNPs is 10% w/w following Equation 1.

Ratio mass loss ðrmÞ ¼ DW
W1

� 100 ð1Þ



Fig. 7 A comparison of TGA curves of polymeric nanocom-

posite coatings and blank epoxy.
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3.3. Structural and thermal characteristics of developed
nanocomposites coatings

FTIR spectra of the developed polymeric nanocomposites
coatings and the blank epoxy coatings are shown in Fig. 6.

All FTIR spectra have common peaks at 823, 1036, 1457,
1505, and 2925 cm�1. The peak at 823 cm�1 is assigned to
the oxirane C-O-C stretching, which may be due to the
cross-linking between the epoxy and the hardener. The peak

at 1036 is designated to the stretching of C-O-C of an ether.
The peaks at 1457 and 1505 cm�1 are related to the deforma-
tion of the C-H of CH2 and CH3, and 2925 cm�1 is assigned to

the stretching of the aromatic ring (González et al., 2012). The
absence of any additional peaks in all FTIR spectra proves
that there is no unwanted reaction taking place between the

epoxy and the smart containers (loaded TNPs and encapsu-
lated UFMCs). Thus, the incorporation of the loaded TNPs
and the encapsulated UFMCs into the epoxy matrix will not

lead to a degradation in the properties of the polymeric
nanocomposites. These results are also in accordance with
the previously published reports (Feng and Cheng, 2017).

A comparison of the thermal stability of the polymeric

nanocomposites and the blank epoxy coatings is presented in
Fig. 7. The weight loss measurements indicate that all synthe-
sized nanocomposites and the blank epoxy coatings do not show

any noticeable degradation up to 350 �C, and only ~6% weight
loss is noticed. The major degradation can be noticed after
350 �C contributing to ~80–85% weight loss. This reduction in

theweight loss canbe attributed to the (i) degradation of the long
epoxy chains and bonds and (ii) Decomposition of NaNO3. The
weight loss after 400 �C can be ascribed to the removal of some
additives present in the epoxy matrix (Ubaid et al., 2019a). The

TGA analysis indicates that the polymeric nanocomposites are
thermally stable up to 350 �C, and the incorporation of the
loaded TNPs and the encapsulated UFMCs has not hampered

the inherent decent thermal characteristics of the epoxy matrix
making them attractive for many industrial applications.

3.4. Self-healing characteristics of polymeric nanocomposites
coatings

The self-healing ability of the developed polymeric nanocom-

posites was investigated through a field emission scanning
Fig. 6 FTIR analysis of the smart polymeric nanocomposite

coatings and the blank epoxy.
electron microscope (FE-SEM) over a period of 96 h. The FE-
SEM results for the smart polymeric coatings containing 3 wt
% loaded TNPs are presented in Fig. 8a. The results of 1 wt%

are not reported to avoid the repetition of the results as a similar
trend is observed. It canbe observed that the initial scratchwidth
is ~160 lm at 0 h, and the scratch width decreases with time.

After 96 h, the scratch is almost healed up, indicating decent
self-healing performance. This healing effect can be attributed
to the fact that when the scratch is made, the microcapsules

are broken down upon mechanical stress and released linseed
oil to form a protective layer on the damaged area. Linseed oil
upon interaction with air or oxygen starts to polymerize and
auto-oxidies, which leads to cross-linking, and eventually, the

formation of a protective layer on the exposed steel substrate
(Lang and Zhou, 2017). Moreover, the localized change in the
pH triggered the release of the inhibitor from TNPs, which con-

tributes to the inhibition of the corrosion effect on the scratched
area. These findings are also consistent with previous studies
(Habib et al., 2019; Habib et al., 2021).

In order to confirm the release of the linseed oil to form a
protective layer and NaNO3 to inhibit corrosion on the
scratched area, the EDS analysis of the polymeric nanocom-
posites coatings containing 3 wt% TNPs and UFMCs/LO

after immersion in 3.5 wt% NaCl solution for 96 h was carried
out, as shown in Fig. 8b. The inset in Fig. 8b shows the weight
percentages of the detected elements. It can be seen that char-

acteristic peaks of carbon (C), oxygen (O), representative of
linseed, and nitrogen (N), associated with NaNO3, are
detected, confirming the release of the self-healing agent from

the UFMCs and the inhibitor from TNPs.

3.5. The corrosion inhibition efficiency of polymeric
nanocomposites

EIS was employed, at open circuit potential, to study the pro-
tective efficiency of the scratched blank epoxy and the
scratched developed polymeric nanocomposites coatings con-

taining 1 and 3 wt% TNPs and UFMCs/LO applied on the
polished steel substrates and immersed in 3.5 wt% NaCl solu-
tion at room temperature. The immersion times were 24, 48,

72, 96, and 120 h. The Bode, phase angle, and Nyquist plots



Fig. 8a . FE-SEM analysis of the polymeric nanocomposite coatings containing 3 wt% loaded TNPs at different intervals of time (0, 24,

48, 96 h).

Fig. 8b . EDS analysis of the protective film formed on the

scratched area of the polymeric nanocomposite coatings contain-

ing 3 wt% TNPs.
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for the blank epoxy coatings are shown in Fig. 9 (a, b, and S3a,
respectively). Commonly, in the bode plots, the higher values

of impedance at low frequency |Z0.1Hz| is often associated with
the protective behavior of the coatings. It was observed from
Fig. 9a that, after 24 h of immersion, the impedance value at
low frequency |Z0.1Hz| was the highest compared to those of

the rest of the immersion times. As immersion time is increas-
ing, the impedance value of the blank epoxy is depreciating,
elucidating the decrease in its protective ability. In the Nyquist

plots, as the Nyquist semicircle diameter is increased, the pro-
tective behavior of the coatings is increased. Thus, the same
behavior can be seen in both the Nyquist plot in Figure S3a
and the corresponding bode plots (Fig. 9a). The Zreal showed
a decrease with the passing of immersion time, which is an
indication of the decrease in the overall protection provided

by the blank epoxy coatings. In the phase angle plot
(Fig. 9b), two capacitance loops have been observed. These
loops decreased, at high and low frequency, with the passing

of immersion times indicating the decrease in the corrosion
resistance of the blank epoxy (Wang et al., 2019). The shift
in the phase angle plots towards the less negative value is con-

sistent with the corresponding Bode plots. The relationship
between the impedance modulus and the capacitance loop is
direct. The lower the impedance modulus, the lower the capac-
itance loop, and vice versa.

Fig. 9 (c, d) and (e, f), respectively, showed the Bode and
phase angle plots for the scratched polymeric nanocomposite
coatings containing 1 and 3 wt% TNPs and UFMCs/LO at

different immersion times. Their Nyquist plots showed in Fig-
ure S3 (b and c), respectively. The low-frequency impedance
values (|Z0.1Hz|) in the Bode plots (Fig. 9c and 9e) and the

Nyquist semicircles shown in Figures S3b and S3c for the
two nanocomposites coatings revealed a decreasing trend the
same as the corresponding ones of the blank epoxy coating

after 24 h immersion time. This is due to the diffusion of the
electrolyte into the substrate and the formation of the corro-
sion products at the defect site. At that stage, the steel sub-
strate at the scratched site interacts with the Cl- ion in the

solution that leads to the formation of the conductive paths
and enhances the corrosion rate (Attaei et al., 2020b). After
48 h and further increase in the immersion time, we can

observe a different trend compared to the corresponding blank
epoxy. An increase in the low-frequency impedance values and
in the Nyquist semicircle plots is seen for both nanocomposite

coatings, as shown in Fig. 9 (c and S3b) (e and S3c), respec-



Fig. 9 a) Bode, b) Phase angle for the blank epoxy matrix, c) Bode, d) Phase angle for the polymeric nanocomposite coatings containing

1 wt% TNPs, e) Bode, f) Phase angle for the polymeric nanocomposite coatings containing 3 wt% TNPs.
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tively. This demonstrates the imperative recovery of the pro-

tective barrier properties of the nanocomposite coatings and
emphasizes the release of the self-healing agent and the corro-
sion inhibitor in the scratched area, as previously explained in
section 3.5. The self-healing agent polymerized to form a pro-

tective layer on the scratched area, and the corrosion inhibitor
(NaNO3) is released from the TNPs, which further inhibits the
corrosion onset. Furthermore, the phase angle values of the

polymeric nanocomposite coatings (1 and 3 wt% TNPs and
UFMCs/LO) after 120 h of immersion are close to �85� and
�90�, as shown in Fig. 9 d and 9f, respectively, illustrating

their capacitance behavior.
The evolution of values of Rct, Rpo, CPE1 and CPE2 of the

blank epoxy and the modified polymeric nanocomposite coat-
ings are represented in Fig. 10 (a, b, c and d) respectively. The
obtained fitting parameters are shown in Table S1. The impe-
dance data of the blank epoxy and the developed polymeric

nanocomposite coatings are fitted using the electrical equiva-
lent circuits shown in Fig. 11a and b, respectively. The circuits
utilized for fitting the EIS data for all coatings are two-time

constants. The resistances presented in the equivalent circuits
are designated as Rs for the solution resistance, Rpo for the
pore resistance and Rct for the charge transfer resistance.

The CPE1 and CPE2 are constant phase elements that associ-



Fig. 10 Evolution of the (a) coating pore resistance Rpo, (b) charge transfer resistance of the coatings Rct (c) value of the capacitance

CPE1, (d) value of the capacitance CPE2.

Fig. 11 Equivalent circuit used to fit data a) Blank epoxy coatings b) polymeric nanocomposite coatings.

Improved self-healing performance of polymeric nanocomposites 9
ated with the coating and the electrical double layer at the
metal/coating interface, respectively. Due to the non-

homogeneity of all coatings, they are employed instead of
coating capacitance (Cc) and double layer capacitance (Cdl),
respectively. Additionally, a Warburg diffusion element (W)
was included to express the mass transfer at the low-

frequency domain. The time constant at low frequency (Rct/
CPE2) is associated with the barrier properties of the polymeric
nanocomposite coatings at the interface between the metal and

the coating, whereas the time constant at high frequency (Rpo/
CPE1) is related to the polymeric composite properties. The
impedance of CPE is calculated using the following Equation

(Abdelaal et al., 2018; Hsu and Mansfeld, 2001);

ZCPE ¼ 1

Y0ðjwÞn ð2Þ

where Y0 is the admittance (sX�1 cm�1), j is the imaginary num-
ber (-1)1/2, x is the angular frequency of the AC signal (1/rad),
and n is the CPE exponent and its value in range 0–1. As n

reaches 1, the CPE shows the ideal capacitor behavior and the
CPE seems to be similar to a resistor attitude when n = 0
(Lvovich, 2012; Nahir, 2005; Orazem and Tribollet, 2008).

In the case of the blank epoxy, as presented in Fig. 10b and
Table S1, after 24 h of immersion, the noted Rct value is 0.46
MO.cm2, having a maximum semicircle in the Nyquist plot.

After 120 h of immersion, there is an expectation for a substan-
tial decrease in the value of Rct that is 0.01 MO.cm2, suggesting
that the blank epoxy starts to corrode and lose its protective
ability. This is also an indication that the blank epoxy is not

providing any further protection at the scratched area because
there is nothing preventing the flow of the electrolyte. Further-
more, the Rpo values decreased from 0.27 MO cm2 to 0.01 MO
cm2 after 120 h immersion time, as shown in Fig. 10a. Besides,
the increase in the value of CPE1 and CPE2 with immersion
time, as illustrated in Fig. 10 (c and d, respectively), shows

the deterioration of the protective coating.



Fig. 12 Schematic diagram showing the self-healing and corro-

sion inhibition mechanism of the developed polymeric nanocom-

posite coatings.
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In case of the polymeric nanocomposite coatings containing
1 wt% TNPs and UFMCs/LO, it is noticed that the Rct value
is 4.61 MO cm2 after 24 h of immersion, as shown in Fig. 10b

and Table S1. This value is decreased to 1.75 MO cm2 after
48 h that may be accounted to the presence of some pores from
the insufficient release of the self-healing agent, which encour-

aged the onset of corrosion on the scratched area. As immer-
sion time is increased, the Rct value starts to increase,
reaching 93.63 MO cm2 after 120 h of immersion (Fig. 10b).

This indicates the complete release of the self-healing agent
in addition to the release of the inhibitor from the TNPs. Since
the immersion time is increased, the local pH of the media is
changed resulting in the triggering of the inhibitor’s release.

Therefore, the increase in the Rct values with immersion time
is an indication that the addition of TNPs nanocomposites is
providing good corrosion protection. Moreover, the polymeric

nanocomposites coatings containing 3 wt% TNPs and
UFMCs/LO showed the same behavior with approximately 8
times higher Rct values, along the immersion times, compared

to the corresponding polymeric nanocomposites containing
1 wt% TNPs, as shown in Fig. 10b and Table S1. The lessened
Rct value of the polymeric nanocomposite coatings containing

1 wt% TNPs is due to the smaller concentration of TNPs.
Although the concentration of the self-healing agent is the
same (5 wt%) in both the polymeric nanocomposites, the cor-
rosion inhibitor did have a contribution in inhibiting corro-

sion. Furthermore, it is worthy to be mentioned that the
inhibitor’s release is accompanied with a diffusion process,
which can be notified as (W) in Fig. 11b. Since the inhibitor

is joined in the electrochemical reaction of the corrosion mech-
anism, as described later in section 3.6, and formed a protec-
tive layer along with the self-healing agent. Thus, the

diffusion process of the inhibitor’ release has a considerable
effect on retarding the Cl- ions penetrating through the coat-
ing. This can be clearly observed from the consistently

increased values of the Warburg diffusion coefficient (W) with
the charge transfer resistances values (Rct) of the polymeric
coatings, as shown in Table S1.

Moreover, the Rpo values showed the same trend as the Rct

value, where it was 4.54 MO cm2 and 5.61 MO cm2 after 24 h
and increased to 93.45 MO cm2 and 204.8 MO cm2 for the
polymeric nanocomposite coatings containing 1 wt% and

3 wt% TNPs, respectively, as represented in Fig. 10a. The
decrease in CPE1 and CPE2 with immersion time (Fig. 10 c
and d) for both composition of polymeric nanocomposites is

further proof that the developed nanocomposite coatings are
providing enough protection. The increase in the resistance
values with the immersion time is related to the good compat-
ibility of the TNPs and the microcapsules with the epoxy

matrix and an indication that the release of the inhibitor and
the self-healing agent is a time-dependent process. It worth
mention that the corrosion inhibition efficiency (IE) of the

developed polymeric nanocomposites is calculated by the fol-
lowing equation (Shahzad et al., 2020);

IE% ¼ ð1� Rct1=Rct2Þ � 100 ð3Þ
where Rct1 is the charge transfer resistance of the blank coat-
ing, and Rct2 is the charge transfer resistance of the developed

coatings. The corrosion inhibition efficiencies of the developed
polymeric nanocomposite coatings were calculated relative to
the blank epoxy sample after 24 h of immersion time, as shown
in Table S1. The polymeric nanocomposites containing 3 wt%
showed exceptional protection efficiency of 99.9% after 120 h

of immersion.

3.6. Self-healing and corrosion inhibition mechanism of
polymeric nanocomposites

The corrosion inhibition mechanism of the inhibitor (NaNO3)
is mainly associated with its capability to easily reduce to
nitrite by a ferrous ion as represented in equation 6. The most

important reaction in the corrosion process initiated due to
interaction of steel with Cl-, which leads to the formation of
Fe2+, can be described by Equation 4 (Ryu et al., 2017);

Fe0 Fe2þ + 2e� ð4Þ

2H2O + O2 + 4e� 4OH� ð5Þ
The Fe2+ are soluble and can be easily transported to the

defect site in the presence of chloride ions and proceed the cor-

rosion process, but due to the presence of NaNO3 it will inter-
act with nitrate ions to convert Fe2+ to Fe3+ to form a ferric
oxide layer on the steel substrate. Nitrite is then reduced to

nitric oxide. Though nitric oxide gas is very toxic but at ambi-
ent temperature and pressure, it usually evaporates, as shown
in Equation 6 (Gaidis, 2004).

Fe2þ + 2OH– + NO2
– NO + Fe2O3 + H2O ð6Þ

The detailed healing mechanism is explained in the sche-
matic diagram shown in Fig. 12. Upon mechanical damage,

i-e scratch, the encapsulated UFMCs incorporated into the
polymeric matrix, break instantaneously to release linseed oil
(healing agent), and transport it to defect site. Due to the

rough outside surface of UFMCs, as shown in Fig. 1c, it will
have good adhesion with polymer matrix, which will release
the linseed oil due to mechanical stress (Suryanarayana

et al., 2008). Linseed oil consists of unsaturated fatty acid with
long chains of carbon–carbon double bond (C=C). When lin-
seed oil is released from microcapsules, it oxidizes due to inter-
action with oxygen or air and then forms a passive layer on the

damaged/scratched part due to the oxidation of C=C (Habib
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et al., 2019). Since linseed oil is cured easily while interaction
with air, it forms a protective layer to heal the damage. More-
over, the formation of scratch initiated the corrosion process

due to that the local pH of the defect site will also change,
which in turn triggers the release of corrosion inhibitor from
TNPs. The efficient corrosion inhibition efficiency is also evi-

dent through EIS analysis and is accredited by two factors that
are self-healing functionality delivered by linseed oil and corro-
sion inhibition performance offered by corrosion inhibitor.

4. Conclusion

Polymeric nanocomposite coatings were developed by reinforc-
ing the epoxy matrix with varying amounts of TNPS (1 wt%

and 3 wt%) loaded with NaNO3 at a fixed concentration of
UFMCs encapsulated with linseed oil (5 wt%). A comparison
of the structural, thermal, self-healing, and corrosion inhibition

properties was conducted to elucidate the salient characteristics
of the developed polymeric nanocomposites. Promising self-
healing properties and tempting corrosion inhibition efficiency

of 99.9% and 99.5%, associated with polymeric nanocomposites
containing 3 wt% and 1 wt% loaded TNPs, respectively, are
achieved. The promising characteristics of polymeric nanocom-

posite coatings can be attributed to the careful selection of com-
patible nanocontainers, inhibitor, and self-healing agents. The
improved properties of polymeric nanocomposites make them
attractive for many industrial applications.
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Szabó, T., Telegdi, J., Nyikos, L., 2015b. Linseed oil-filled microcap-

sules containing drier and corrosion inhibitor – their effects on self-

healing capability of paints. Prog. Org. Coatings 84, 136–142.

https://doi.org/10.1016/j.porgcoat.2015.02.020.

Taryba, M., Lamaka, S.V., Snihirova, D., Ferreira, M.G.S., Monte-

mor, M.F., Wijting, W.K., Toews, S., Grundmeier, G., 2011. The

combined use of scanning vibrating electrode technique and micro-

potentiometry to assess the self-repair processes in defects on

‘‘smart” coatings applied to galvanized steel. Electrochim. Acta 56,

4475–4488. https://doi.org/10.1016/j.electacta.2011.02.048.

Tedim, J., Kuznetsova, A., Salak, A.N., Montemor, F., Snihirova, D.,

Pilz, M., Zheludkevich, M.L., Ferreira, M.G.S., 2012. Zn–Al

layered double hydroxides as chloride nanotraps in active protec-

tive coatings. Corros. Sci. 55, 1–4. https://doi.org/10.1016/

j.corsci.2011.10.003.

Thakur, V.K., Kessler, M.R., 2015. Self-healing polymer nanocom-

posite materials: a review. Polymer (Guildf). 69, 369–383. https://

doi.org/10.1016/j.polymer.2015.04.086.

Trivedi, M.K., Dahryn Trivedi, A.B., 2015. Spectroscopic character-

ization of disodium hydrogen orthophosphate and sodium nitrate

https://doi.org/10.1021/acsami.0c08953
https://doi.org/10.1016/j.porgcoat.2019.105319
https://doi.org/10.1007/s10853-019-03761-9
https://doi.org/10.1007/s10853-019-03761-9
https://doi.org/10.1016/j.porgcoat.2016.11.015
https://doi.org/10.1016/j.porgcoat.2016.11.015
https://doi.org/10.1007/s11051-010-0044-x
https://doi.org/10.1007/s11051-010-0044-x
https://doi.org/10.1016/j.porgcoat.2007.11.008
https://doi.org/10.1016/j.porgcoat.2007.11.008
https://doi.org/10.1016/j.electacta.2009.01.053
https://doi.org/10.1016/j.electacta.2009.01.053
https://doi.org/10.1016/j.cej.2020.126478
https://doi.org/10.1016/j.corsci.2020.108984
https://doi.org/10.1016/j.corsci.2020.108984
https://doi.org/10.1016/j.corsci.2019.108213
https://doi.org/10.1016/j.corsci.2019.108213
https://doi.org/10.1007/BF01979396
https://doi.org/10.1007/BF01979396
https://doi.org/10.1039/C6TA10903A
https://doi.org/10.1039/C6TA10903A
https://doi.org/10.1098/rsos.171083
https://doi.org/10.1155/2017/6265184
https://doi.org/10.1016/j.porgcoat.2015.12.013
https://doi.org/10.1016/j.porgcoat.2015.12.013
https://doi.org/10.1039/B821827G
https://doi.org/10.1016/j.electacta.2012.07.102
https://doi.org/10.1016/j.electacta.2012.07.102
https://doi.org/10.1021/am1005942
https://doi.org/10.1016/j.porgcoat.2015.02.020
https://doi.org/10.1016/j.porgcoat.2015.02.020
https://doi.org/10.1016/j.electacta.2011.02.048
https://doi.org/10.1016/j.corsci.2011.10.003
https://doi.org/10.1016/j.corsci.2011.10.003
https://doi.org/10.1016/j.polymer.2015.04.086
https://doi.org/10.1016/j.polymer.2015.04.086


Improved self-healing performance of polymeric nanocomposites 13
after biofield treatment. J. Chromatogr. Sep. Tech. 06. https://doi.

org/10.4172/2157-7064.1000282.

Ubaid, F., Naeem, N., Shakoor, R.A., Kahraman, R., Mansour, S.,

Zekri, A., 2019a. Effect of concentration of DOC loaded TiO 2

nanotubes on the corrosion behavior of smart coatings. Ceram. Int.

45, 10492–10500. https://doi.org/10.1016/j.ceramint.2019.02.111.

Ubaid, F., Radwan, A.B., Naeem, N., Shakoor, R.A., Ahmad, Z.,

Montemor, M.F., Kahraman, R., Abdullah, A.M., Soliman, A.,

2019b. Multifunctional self-healing polymeric nanocomposite coat-

ings for corrosion inhibition of steel. Surf. Coatings Technol. 372,

121–133. https://doi.org/10.1016/j.surfcoat.2019.05.017.

Vijayan P., P., Al-Maadeed, M.A.S.A., 2016. TiO2 nanotubes and

mesoporous silica as containers in self-healing epoxy coatings. Sci.

Rep. 6, 38812. https://doi.org/10.1038/srep38812.

Vijayan P.P., Hany El-Gawady, Y.M., Al-Maadeed, M.A.S.A., 2016.

Halloysite Nanotube as Multifunctional Component in Epoxy
Protective Coating. Ind. Eng. Chem. Res. 55, 11186–11192.

https://doi.org/10.1021/acs.iecr.6b02736.

Wang, W., Wang, H., Zhao, J., Wang, X., Xiong, C., Song, L., Ding,

R., Han, P., Li, W., 2019. Self-healing performance and corrosion

resistance of graphene oxide–mesoporous silicon layer–nanosphere

structure coating under marine alternating hydrostatic pressure.

Chem. Eng. J. 361, 792–804. https://doi.org/10.1016/J.

CEJ.2018.12.124.

White, S.R., Sottos, N.R., Geubelle, P.H., Moore, J.S., Kessler, M.R.,

Sriram, S.R., Brown, E.N., Viswanathan, S., 2001. Autonomic

healing of polymer composites. Nature 409, 794–797. https://doi.

org/10.1038/35057232.

Zahidah, K.A., Kakooei, S., Ismail, M.C., Bothi Raja, P., 2017.

Halloysite nanotubes as nanocontainer for smart coating applica-

tion: A review. Prog. Org. Coatings 111, 175–185. https://doi.org/

10.1016/J.PORGCOAT.2017.05.018.

https://doi.org/10.4172/2157-7064.1000282
https://doi.org/10.4172/2157-7064.1000282
https://doi.org/10.1016/j.ceramint.2019.02.111
https://doi.org/10.1016/j.surfcoat.2019.05.017
https://doi.org/10.1016/J.CEJ.2018.12.124
https://doi.org/10.1016/J.CEJ.2018.12.124
https://doi.org/10.1038/35057232
https://doi.org/10.1038/35057232
https://doi.org/10.1016/J.PORGCOAT.2017.05.018
https://doi.org/10.1016/J.PORGCOAT.2017.05.018

	Improved self-healing performance of polymeric nanocomposites reinforced with talc nanoparticles (TNPs) and urea-formaldehyde microcapsules (UFMCs)
	1 Introduction
	2 Methodology
	2.1 Materials
	2.2 Synthesis of loaded TNPs and UFMCs/LO
	2.3 Characterization of loaded TNPs and UFMCs/LO
	2.4 Preparation of polymeric nanocomposites
	2.5 Characterization of polymeric nanocomposites

	3 Results and discussions
	3.1 Microstructural analysis of modified nanocontainers
	3.2 Thermal stability of developed smart containers
	3.3 Structural and thermal characteristics of developed nanocomposites coatings
	3.4 Self-healing characteristics of polymeric nanocomposites coatings
	3.5 The corrosion inhibition efficiency of polymeric nanocomposites
	3.6 Self-healing and corrosion inhibition mechanism of polymeric nanocomposites

	4 Conclusion
	Funding
	Declaration of Competing Interest
	ack19
	Acknowledgement
	Data availability
	Appendix A Supplementary material
	References


