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ABSTRACT

Introduction: Organic coatings are the most effective and facile methods of protecting steel against cor-
rosion, which shields it from direct contact with oxygen and moisture. However, they are inherently
defective and susceptible to damage, which allows the penetration of the corrosive media into the under-
lying substrates. Self-healing coatings were developed to address this shortcoming.

Objective: The current research aims to develop a coating with superior self-healing ability via embed-
ment of titanium dioxide (TiO,) nanogel composite (NC) in a commercial epoxy.

Methods: The TiO, NC was prepared by efficient dispersion of TiO, nanoparticles in copolymer gel of
acrylamide (AAm) and 2-acrylamido-2-methyl propane sulfonic acid (AMPS) with the help of 3-
(trimethoxysilyl) propyl methacrylate (MPS). The chemical structure, morphology, and thermal proper-
ties of the modified and functionalized nanoparticles were assessed by infrared spectroscopy, electron
microscopy, X-ray diffraction, and thermogravimetric analysis, respectively. In addition, TiO,

Peer review under responsibility of Cairo University.

* Corresponding authors.

E-mail addresses: saied@iut.ac.ir (S. Nouri Khorasani), oisik.das@ltu.se (0. Das), r.esmaeely@hsu.ac.ir (R. Esmaeely Neisiany).

https://doi.org/10.1016/j.jare.2022.02.008

2090-1232/© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jare.2022.02.008&domain=pdf
https://doi.org/10.1016/j.jare.2022.02.008
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:saied@iut.ac.ir
mailto:oisik.das@ltu.se
mailto:r.esmaeely@hsu.ac.ir
https://doi.org/10.1016/j.jare.2022.02.008
http://www.sciencedirect.com/science/journal/20901232
http://www.elsevier.com/locate/jare

E. Rezvani Ghomi, S. Nouri Khorasani, Mohammad Sadegh Koochaki et al.

Journal of Advanced Research 43 (2023) 137-146

nanoparticles, nano-TiO, functionalized monomer (NTFM), and NTFM/AAm/AMPS in different weight

percentages were incorporated into epoxy resin to prepare a self-healing coating.

Results: The results confirmed the successful fabrication of the NC. In addition, the incorporation of 1 wt%

NTFM/AAm/AMPS led to homogenous dispersion, enhanced anti-corrosive and self-healing performance

with the healing efficiencies of 100% and 98%, which were determined by electrochemical impedance

spectroscopy (EIS) and potentiodynamic polarization methods, respectively.

Conclusion: The prepared NC was sensitive towards salt concentration, pH, which aids the quick reaction

of the TiO, NC to corrosive ions, once the cracks occur. In addition, this is a unique feature compared to

the other self-healing mechanisms, especially, the encapsulation of healing agents, which can be effective

as long as the healing agent is present.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Metallic alloys, particularly steel, are among the best candidates
for use in a wide range of structures. However, steel structures are
vulnerable to corrosion and erosion, which cause substantial direct
and indirect losses [1,2]. Based on the World Corrosion Organiza-
tion (WCO) reports, the direct annual corrosion loss is 1.3 to 1.4
trillion euros or 1.3 to 3.5 percent of the gross national product
of all countries. Experts believe that such huge economical losses
can be recovered up to 25 % by using existing technologies to limit
corrosion [3]. Corrosion cannot be completely eliminated; hence,
corrosion control methods have been focused on reducing its rate
or changing the corrosion mechanism. These methods include
cathodic protection, protective coatings, using corrosion inhibitors,
or a combination of the aforementioned methods [4-7].

Protective coatings are the most effective and facile methods of
protecting steel against corrosion, which shields it from direct con-
tact with oxygen and moisture [8,9]. Organic coatings, especially
epoxy resins, are widely used for various metallic structures due
to their high chemical stability, superior tensile strength, good
bending strength, high thermal resistance, excellent electrical
properties, and corrosion-resistant properties. Organic coatings
are able to enhance corrosion resistance as well as the durability
of metallic structures [10]. However, epoxy resins are inherently
defective. The evaporation of solvents during the curing process
reduces the resistance of the organic coatings and allows the pen-
etration of corrosive media into the underlying substrates [11]. The
aforementioned defects reduce the anti-corrosion performance of
the coatings and also lessen the adhesion between the coating
and the substrate, resulting in rust, formation of blisters, and ulti-
mately the failure of the coating and the steel substrate [12].

Once corrosion occurs, the organic coating itself is unable to
cease the propagation of defective zones and protect the substrate.
Self-healing coatings showed the potential to ameliorate this cru-
cial problem of organic coatings by repairing the coating through
various approaches [13,14]. Currently, new approaches for self-
healing have been utilized including the healing agent’s release,
reversible bonding, and nanoparticles [15-18]. Among the various
approaches, the fabrication of metal oxide NCs has presented a
great improvement in corrosion resistance and self-healing perfor-
mance with the possibility for repeated self-healings [19]. Other
approaches, such as the encapsulation of the healing agent, show
the ability for one-time self-healing. Nanoparticles can fill the
microcracks existing in epoxy coatings due to the evaporation of
the solvents and hardeners, and consequently, reduce the suscep-
tible zones in the coatings. However, agglomeration of the
nanoparticles is inevitable in such conditions, and avoiding it is
possible when dispersed homogenously. Hence, the surface of
nanoparticles can be modified by grafting to smart gels. Recently,
cerium dioxide, silica, magnetite, zirconia, titanium dioxide,
graphene oxide, alumina, talc nanoparticles have been used to pro-
duce self-healing epoxy coatings [20-30]. Among them, TiO, is
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well-investigated and proved to be effective in the preparation of
self-healing and anti-corrosion coatings [27,28,31-33]. It was veri-
fied that the smart flexible polymeric layer on the surface of the
nanoparticles enhances their dispersion in an epoxy-based matrix,
acting as a self-healing coating [33]. Furthermore, the employed
polymeric gels showed a ‘smart’ behavior in contact with water
and corrosive components, providing a segmental motion to heal
the damaged areas. Although the approach showed a promising
performance, there is a gap in the research about the quantitative
assessment of the corrosion and self-healing efficiency. There are
mostly feasibility studies on this approach and they have been
evaluated by qualitative assessment [34,35].

In light of the aforementioned, the current study aims to syn-
thesize TiO, NC with better dispersibility in an epoxy matrix to
enhance the corrosion resistance and self-healing performance of
damaged conventional coatings. Thus, neat TiO, nanoparticles
were firstly functionalized by 3-(trimethoxysilyl) propyl methacry-
late (MPS) to prepare nano-TiO, with a vinyl group on their sur-
faces. The nano-TiO, functionalized monomers (NTFM) were then
modified with copolymeric smart NC of 2-acrylamido-2-methyl
propane sulfonic acid (AMPS) and acrylamide (AAm). The AAm-
co-AMPS gel was assumed to be sensitive towards salt concentra-
tion, pH, which aids the quick reaction of the TiO, NC to corrosive
ions, once the cracks occur.

Experimental
Materials

TiO, nanopowder (80% anatase and 20% rutile) was obtained from
Neutrino Co. with a mean particle size of 20 nm and was used as a
precursor to obtain the NCs. AAm monomer, sodium dodecyl sulfate
(SDS), and ethanol were purchased from Merck Chemical Co. (Ger-
many). The other monomer, AMPS, was provided by Sigma-Aldrich
(USA) along with MPS. In addition, ammonium persulfate (APS)
and N,N,N’,N’-tetramethylethylenediamine (TEMED) were both
obtained from Merck chemical Co. (Germany) and used to initiate
and accelerate the polymerization, respectively. The hydrochloric
acid (HCI) 37% and Sodium hydroxide (NaOH) were purchased from
Merck Chemical Co. and used to adjust the pH during the synthesis
process. The EPON™ 828 epoxy resin, having the viscosity of 11-
15 Pa.s, was diluted using the 1,6 hexanediol diglycidyl ether (ED
180, as reactive diluent), and was cured using Merginamide A280,
as a hardener, and were all provided by Hobum Oleochemicals and
was used according to our previous research [33] as a commercial
coating. Ethanol was used as a solvent without further purification.
Deionized water was utilized for all experimental procedures.

Synthesis of TiO, NC

Firstly, 500 mg TiO, nanoparticles were introduced to ethanol/
water solution with a volume ratio of 4:1, and then sonicated for
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one hour using an ultra-sonication at 400 W. Secondly, MPS
(1.568 g, 0.006 mol) was combined with ethanol (10 mL), stirred
for one hour, and then was fed to the TiO, solution. Thirdly, the
prepared mixture was reflux-heated for 8 h at 70 °C. Finally, the
resulting product was centrifuged after cooling to room tempera-
ture, washed by ethanol, and kept to dry in a vacuum oven at
50 °C overnight to obtain the NTFM. [36].

The NTFM/AAm/AMPS NC was synthesized via free radical
copolymerization. Initially, the flask was charged with SDS
(0.045 g, 1 wt%) and NTFM (0.2 g) in deionized water and sonicated
for 1 h. Next, AAm (1.136 g) and AMPS (3.32 g) were slowly added to
the mixture. To neutralize the AMPS monomer, the NaOH solution
was used and the pH of the solution in the reactor was adjusted to
8.5 £ 0.5 [37]. The initiator system containing TEMED (30 pL) and
APS (1.5 wt%) were dissolved in 10 mL deionized water and dropped
into the reaction mixture for 30 min. The reactor was placed in an oil
bath to adjust the temperature in a precise manner. The polymeriza-
tion process took place at 60 °C for 5 h. Afterward, the reactor and
mixture were cooled to room temperature, and a highly viscous
solution was obtained. Subsequently, acetone was used to precipi-
tate the product, having a white and cotton-like shape. The obtained
precipitation was then dried in an oven at 40 °C for 10 h until a con-
stant weight was obtained. The dried sample was then ground and
sieved through mesh number 200. Fig. 1 schematically shows the
proposed chemical reactions during the functionalizing of TiO,
nanoparticles and the preparation of TiO, NC [38].

Preparation of coating

Before coating with the epoxy, the ST 37 carbon steel panels
(150 x 100 x 1 mm?) were firstly polished using sandpapers and
then degreased with acetone to prepare their surface and remove
any rust or dirt.

The EPON 828 epoxy resin was diluted with ED180 in a weight
ratio of diluent/epoxy: 1:3. The TiO, NCs were then dispersed in
the diluted epoxy resin by employing a mechanical mixer for
5 min, working at 200 rpm, at three different contents of 1, 2,
and 4 wt% with respect to the total weight of the epoxy resin
and its curing agent. All the mixtures containing NTFM/AAm/
AMPS, NTFM, and TiO, nanoparticles, and also the control sample
(neat epoxy resin named as CTRL) were mixed with the Mergina-
mide A280 hardener in a weight proportion of 100:58 (epoxy:
hardener) just before their application on the steel plates. The cod-
ing of the prepared coatings and the amount of incorporated fillers
are summarized in Table 1. The amount of TiO, nanoparticles and
NTFM incorporated into the epoxy matrix has been calculated from
the thermogravimetric analysis (TGA) results. The above-
mentioned mixtures were coated on the prepared panels using a
universal film applicator (ZEHTNER ZAU 2000.80). To complete
the curing process of the coatings, they were kept for 168 h at room
temperature (25 + 2 C).

Characterization of NC synthesis

The Fourier transform infrared (FTIR) spectra of the pristine
TiO, nanoparticles, MPS, NTFM, and NTFM/AAm/AMPS samples
were recorded with a Ray-Leigh WQF-510A FTIR spectrometer in
the range of 4000-400 cm™~! using KBr pellets to confirm the suc-
cessful surface modification and grafting process.

The X-ray diffraction (XRD) spectra were obtained with an
ASENWARE (AW-XDM300) diffractometer using CuKo radiation
produced at 40 kV and 30 mA in the range of 5-80°, to reveal the
formation of copolymer gel on the NTFM particles.

The NC morphology and distribution of NTFM in NTFM/AAm/
AMPS gel were investigated using Field emission scanning electron
microscopy (FESEM) (Quanta 450 FEG) and Energy-dispersive X-
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ray spectroscopy (EDS) (Octane Elite EDS). Furthermore, the EDS
investigation was employed to determine the elements in the sam-
ples and their distribution map has been provided to observe the
dispersion of NTFM in the NTFM/AAm/AMPS matrix.

The thermal stability and grafting efficiency of NTFM and TiO,
NC were determined by TGA (Mettler TGA/SDTA 851e, USA). The
samples were analyzed at a temperature range of 25 to 700 °C with
a heating rate of 10 °C/min in an Argon atmosphere. The MPS-
grafting efficiency percentage (%Eg;) was determined as the mass
of grafted MPS (my) divided by the mass of TiO, nanoparticles
(mrjo2) at 700 °C according to the following Eq. (1) [36]:
%Eg = mslmmz x 100

(1

The swelling ability of the synthesized NC was measured in dis-
tilled water. The swelling ratio (SR) of the TiO, NC was measured
via Eq. (2) [39]:

SR:(Wwet'Wdry )/Wdry (2)

SR is reported based on the gram of the absorbed water (Wet-
Wyry) to the gram of dry NC (Wyyy).

Assessment of physicomechanical properties

The Gloss test (ISO 2813-2014, SH260C Glossmeter, Sheen
Instruments UK) was conducted to study the visual properties of
prepared samples as well as to provide an estimate about proper
dispersion or agglomeration of particles in the coating matrix. Each
sample was tested at a 20° angle three times and the average val-
ues were reported.

The prepared coatings’ adhesion strength was evaluated by the
pull-off adhesion test (ASTM D4541, Positest AT-M, DeFelsko, USA)
to study the effect of incorporating TiO2 nanoparticles NTFM, and
NTFM/AAm/AMPS into the epoxy matrix.

The total elongation of the prepared coatings was measured via
mandrel bend tests using a Conical Mandrel Bend Tester (SH 801,
Sheen Instruments, UK). The test was conducted according to
ASTM D 522 — Test Method A, and the percentage of the total
elongation was reported.

Self-healing evaluation

The corrosion performance of the aforementioned coatings was
studied using electrochemical techniques. The EIS and potentiody-
namic polarization tests were conducted by a PARSTAT 2273 elec-
trochemical workstation system in a lab-made three-electrode
system to assess the self-healing performance of the prepared
coatings. A Platinum rod, Ag/AgCl, and the epoxy coatings have
been employed as the counter electrode, reference electrode, and
working electrode, respectively. All the electrochemical tests were
performed in a 3.5 wt% NaCl solution as the selected electrolyte.
The coated samples were scratched by a razor blade to make
an X shape crack in the coatings’ matrix, deep enough to expose
the substrate metal. Measurements were conducted on the
scratched coatings with an electrolyte exposed area of 0.785 cm?
after immersion in 3.5 wt% NaCl for 18 days. The scratch dimen-
sions and the electrochemical cell assembly have been reported
in detail in our previous work [40]. The EIS tests were carried out
at open circuit potential (OCP) within the frequency sweep range
of 10° to 1072 Hz using a 10 mV amplitude sinusoidal voltage. In
order to reach minimal noise interference, all the measurements
were conducted in a faraday cage. The potentiodynamic polariza-
tion scans were also carried out on the samples at a scan rate of
1 mV/s and the Tafel extrapolation method was employed to eval-
uate their polarization parameters.
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Fig. 1. The proposed schematic illustration of the chemical reactions through the TiO, surface modification and TiO, NC preparation.

Table 1
The coding of the coated samples.

Sample code Epoxy resin filled with
CTRL -

C-T1 1 wt% of neat nano-TiO,
C-T2 2 wt% of neat nano-TiO,
C-T4 4 wt% of neat nano-TiO,
C-NTFM1 1 wt% of NTFM
C-NTFM2 2 wt% of NTFM
C-NTFM4 4 wt% of NTFM

C- NTFM/AAm/AMPS1
C-NTFM/AAm/AMPS2
C-NTFM/AAm/AMPS4

1 wt% of NTEM/AAm/AMPS
2 wt% of NTEM/AAm/AMPS
4 wt% of NTFM/AAm/AMPS

Results and discussion
Evaluations of TiO, NC synthesis

It is challenging to prepare spherical TiO, nanoparticles and to
this end, their surface should be modified to improve their proper-
ties before applying to environmental technology. For this reason,
firstly, the surface of TiO, nanoparticles has been functionalized
with MPS to include the vinyl group in the structure of the
nanoparticles. The functionalization occurs through hydroxyl
groups on the TiO, nanoparticles’ surface by a condensation reac-
tion, which produces water as the by-product. Next, the function-
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alized nanoparticles were polymerized with AAm and AMPS
monomers. Fig. 2a shows the FTIR spectra of the samples. Consid-
ering the FTIR spectrum of the neat TiO, nanoparticles, only hydro-
xyl groups can be observed on their surface at ca. 3100-3500 and
1640 cm™'. The reactive silanetriol is formed by the hydrolyzation
of the methoxy groups in the MPS, which quickly reacts with the
hydroxyl groups on the surfaces of the TiO, nanoparticles to form
a covalent bond [27,32]. The C = C bonds on the NTFM, which
appeared at 1635 cm™}, are able to polymerize with acrylamide
monomers, leading to a polymeric shell surrounding the TiO, core
[41]. Regarding the NTFM/AAm/AMPS FTIR spectrum, new peaks
appeared that confirm the presence of both AAm and AMPS in
the final product [38]. The obtained results verified the success
of the chemical grafting of the AAm/AMPS copolymer to the sur-
face of modified TiO,. As shown in Fig. 2b, the XRD spectra indi-
cated the diffraction peaks of the TiO, nanoparticles, NTFM, and
NTFM/AAm/AMPS. Based on the diffractograms, the presence of
TiO, in the NC can be deduced. The strong diffraction peaks at
20 = 25.3, 37.9, 48.3, 54°, for TiO, nanoparticles were assigned to
the anatase TiO, phase [27]. According to Fig. 2b, surface modifica-
tion by MPS insignificantly affected the crystalline phase of TiO,
nanoparticles [42]. The broad amorphous peak at 26 = 10-300 is
a sign of copolymer synthesis. Comparing the XRD spectra of the
NTFM and TiO, NC confirms a decrease in the peak intensity at
2530 of TiO, nanocomposite, which can be attributed to the
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Fig. 2. (a) FTIR spectra and (b) XRD diffractograms of the samples. (c¢) FESEM micrograph of TiO, NC and distribution map of, (d) Ti element, (e) S element. (f) EDS results for
the chemical composition of NTFM/AAm/AMPS. (g) TGA thermograms of neat TiO,, NTFM, Neat gel, and NTFM/AAm/AMPS. (h) The SR of NTFM/AAm/AMPS.

enveloping effect of the gel at the NTFM surface [31]. From Fig. 2c,
it can be seen that TiO, nanoparticles have been well-dispersed in
the NC (Fig. 2d). Moreover, element S and its distribution map,
Fig. 2e, attributed to AMPS monomer, shows a good dispersion of
the copolymer in the NC. The formation of NTFM/AAm/AMPS NC
was also confirmed with both map distributions and the EDS
results of the NC chemical composition shown in Fig. 2f. The ther-
mal stability of the neat TiO, nanoparticles, NTFM, neat gel, and NC
was evaluated by a series of TGA tests. Fig. 2g presents the TGA
curves for TiO, nanoparticles (Neat TiO,), NTFM, AAm/AMPS gel
(Neat gel), and NTFM/AAm/AMPS NC. It can be observed, from
the curves, that the TiO, nanoparticles were comparatively ther-
mally stable and were marginally decomposed. This slight weight
reduction is attributed to the vaporization of physically adsorbed
water on TiO, nanoparticles surfaces in the temperature range of
100 °C to 160 °C [27,36]. TGA curves of NTFM show a slight weight
loss from 340 °C to 420 °C, possibly attributed to the condensation
of —OH groups at the surface of nanoparticles or -OH groups in the
MPS silanol groups, leading to the formation of water, which
evolved at high temperature. It can be calculated from equation
(1) that the E; of NTFM was approximately 1.7 wt%. TGA curves
of neat gel and TiO, NCs indicate that the water loss of NTFM/
AAmM/AMPS below 250 °C increased with the incorporation of
AAm/AMPS due to the strong hydrophilicity of AAm/AMPS net-
works. The thermal decomposition of NC and ammonia happened
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from 250 to 450 °C. Moreover, the TiO, content was calculated at
600 °C to be 7 wt% as shown in Fig. 2. The weight loss above this
temperature can be referred to as the endothermal phenomenon
that occurred from the transformation of anatase TiO, into rutile
TiO, [43]. The determined percentage of TiO, nanoparticles was
used for the control samples in the physical and mechanical eval-
uation as well as the corrosion tests. The swelling performance of
the NTFM/AAm/AMPS was assessed in order to investigate the
absorbing ability of the NC. The NC is hydrophilic due to the exis-
tence of different polar functional groups in its chemical structure.
The SR results are shown in Fig. 2h and based on that, it can be
interpreted that the NC is able to absorb water up to almost 7 times
its dry weight. This significant ability of the NC makes it a desirable
candidate to be incorporated in the epoxy coating to absorb the
corrosive media and prevent it from reaching the substrate [44].

Evaluation of coating performance

The obtained results of the Gloss tests were reported in Table 2.
Although the gloss of T and NTFM samples increased with further
incorporation of nanoparticles, the differences in the values were
not significant and it can be claimed that the samples were all
shiny [45]. The gloss of the coatings containing TiO, NC increased
firstly up to 1 wt% and then decreased. The drop in the gloss of the
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coatings containing 2 and 4 wt% NCs is ascribed to the roughness
increment with the increase of the TiO, NC content [46].

According to the adhesion strength results presented in Table 2,
incorporating neat TiO, nanoparticles decreased the adhesion
strength of the coatings [47,48]. Functionalizing of TiO, nanoparti-
cles by MPS led to a marginal decrement in the coating adhesion.
The decrease in the adhesion strength of all samples can be attrib-
uted to the less integrity in the coatings. However, the decrement
of the coatings’ adhesion containing NTFM was lower than the T
and NC samples. The better adhesion of the NTFM samples stems
from the formation of the Si-O-metal covalent bonds [49]. Gener-
ally, the existence of silane coupling agents in the structure of
the coating results in higher adhesion to the substrate [50]. More-
over, the incorporation of the NTFM/AAm/AMPS NC into epoxy
resin decreased the adhesion of the epoxy resin, which can be
attributed to a lower contact area of the resin with the substrate
[51].

In general, the total elongation of the coatings relates to both
adhesion and the nature of the coatings. From Table 2, it can be
deduced that the introduction of modified and unmodified TiO,
nanoparticles to epoxy resin decreased the adhesion of all the sam-
ples in comparison to neat epoxy coating, and hence, decreased the
total elongation. This is due to the deteriorated integrity of the
epoxy matrix as a result of the incorporation of external particles
[45].

Assessment of self-healing performance

The EIS measurements were conducted to evaluate the anticor-
rosion properties of the coatings containing modified and unmod-
ified TiO, with respect to the control sample [52,53]. Prior to the
electrochemical assessment, the samples were scratched and then
soaked with a 3.5 wt% NaCl aqueous solution for 18 days to reach a
stable open circuit potential. Fig. 3 a. & b. show the Nyquist and
Bode modulus curves of the coatings containing neat TiO, and
NTFM, respectively. It should be noted that the diameter of the
semicircles in Nyquist plots is regarded as the polarization resis-
tance. Thus, the wider diameter of a sample can be considered as
better anti-corrosion performance [27].

The agglomeration of TiO, nanoparticles in the C-T4 sample
considerably deteriorated the corrosion resistance of the coating
by increasing the matrix porosity and consequently the electrolyte
diffusing through them. It can be discerned that the TiO, nanopar-
ticle modification led to samples with less susceptibility to corro-
sion phenomena via corrosive media. This difference is due to
the fact that C-T1, C-T2, and C-T4 samples have not been modified
and the high surface energy of nanoparticles caused their agglom-
eration in the epoxy coating. Hence, the incorporation of neat TiO,

Table 2
Physical and mechanical properties of the prepared coatings.

Samples Gloss (200) Adhesion strength Total
(GU) (MPa) elongation (%)
CTRL 87.27 +448  3.74 £ 0.03 44.82 + 0.32
C-T1 84.07 + 11.59 3.32 + 0.01 36.8 + 0.63
C-T2 89.36 +9.96  2.79 + 0.03 36.8 + 0.66
C-T4 102.07 £2.18 1.55 +0.04 13.8 £+ 0.23
C-NTFM1 94.07 + 1.11 3.14 £ 0.03 36.8 + 0.54
C-NTFM2 87.36+8.92  3.34+0.03 36.8 £ 0.19
C-NTFM4 99.70 £ 6.95  3.41 + 0.06 9.29 + 0.64
C- NTFM/AAm/ 97.33 + 5.05 1.60 + 0.01 Less than 3.01
AMPS1
C-NTFM/AAm/ 88.60+3.04 1.72 +0.04 Less than 3.01
AMPS2
C-NTFM/AAm/ 59.00 + 12.04 1.67 £ 0.05 Less than 3.01
AMPS4
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Fig. 3. (a) Nyquist & (b) Bode modulus plots of the scratched epoxy coatings
containing modified and unmodified TiO, nanoparticles after immersion for 18 days
in a 3.5 wt% NaCl aqueous solution.

nanoparticles enhanced the uniformity of the coatings, leading to
further corrosion processes [54].

The bode modulus results of the C-T and C-NTFM samples con-
firmed the results of the Nyquist plots. According to Fig. 4b., the C-
NTFM1 sample showed the highest impedance modulus among C-
T and C-NTFM samples. It can be concluded that the incorporation
of an efficient amount of nanoparticles enhanced the corrosion
resistance, while the functionalization of nano-TiO, with MPS led
to better dispersion and subsequently better anti-corrosion perfor-
mance of the samples.

Similarly, Fig. 4 a. & b. show the Nyquist and Bode modulus
curves of the coatings containing TiO, NC, respectively. In order
to create a self-healing feature in the epoxy coatings, grafted
AAmM/AMPS copolymer gel on the NTFM samples were incorpo-
rated into them at 1, 2, and 4 wt%. According to Fig. 4a, C-NTFM/
AAm/AMPS1 showed the highest corrosion resistance compared
to the other samples as it had the largest Nyquist semicircle. Many
inorganic nanoparticles, including TiO,, have been used as corro-
sion inhibitors. This kind of corrosion inhibitor does not have to
break to release any polymerizable healing agents, and thus their
size is smaller than those containing them. In addition, their smal-
ler size helps with their better dispersion in thin epoxy coatings
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Fig. 4. (a) Nyquist & (b) Bode modulus plots of the scratched epoxy coatings
including control and NTFM/AAm/AMPS containing samples after immersion for
18 days in a 3.5 wt% NaCl aqueous solution.

[55,56]. The existence of the TiO, nanoparticles in the structure of
the NC not only promotes the segmental motion of the synthesized
product but also helps to gain higher mechanical properties. Due to
the AAm/AMPS gel's ability to absorb H,0 and the corrosive ions, if
defects and cracks appear on the coatings, the NC could fill the
defects and the cracks would autonomously heal, akin to intrinsic
welding. This would prevent the corrosive media to reach the
underlying substrate [57]. This process, also known as the defect
healing mechanism, can clearly justify the self-healing mechanism
of the TiO, NC when exposed to humidity and salt [34,58-60].
Comparing the Nyquist plot results of the epoxy coating containing
TiO, NC with other mechanisms, such as the release of healing
agents, the higher anti-corrosion property of this method is
revealed [13].

Similar to Nyquist plots, the bode modulus plots confirmed the
superior corrosion resistance of C-NTFM/AAm/AMPS1 among all
the samples due to its higher impedance modulus in the frequency
of 102 Hz. The higher impedance modulus points out the ability of
the sample to protect the substrate against corrosive media [44].
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From Fig. 4b, it can be discerned that the embedment of the TiO,
NC into the epoxy resin noticeably raised its corrosion resistance
after artificial damages and confirmed the self-healing feature of
the coatings.

Fig. 5 illustrates the electrical equivalent circuit (EEC) used to
obtain the EIS parameters. In this figure, R, Reoat, Ret, CPEcoar, and
CPEgy are the electrolyte resistance, coating resistance, charge
transfer resistance, coating capacitance, and double layer capaci-
tance, respectively. The element CPE signifies the capacitor, and n
shows the potential factor in the range of —1 to 1. The ideal capac-
itance holds n = 1, however, normally there is a deviation in real-
world scenarios [61].

All of the EIS parameters measured are shown in Table 3.
Among the calculated parameters, the charge transfer resistance
(Ret) was used for quantitative analysis of the self-healing process
because it is associated with the rate of Faradic processes occurring
at the interface of the electrode (steel substrate). The exposed/ac-
tive region of the electrode and the R, have an inverse relation-
ship. High R, can be a consequence of a reduced region under
the metal subjected to corrosive electrolytes [44,62]. Hence in
the present research, since the exposed area of the substrate was
going to be covered by the healing reactions, the higher R, was
correlated as higher healing efficiency [63].

Regarding the impedance parameters shown in Table 3, the
modification process on the C-T1, C-T2, and C-T4 samples caused
a significant improvement in corrosion resistance for sample
NTFM1 in comparison with the unmodified sample C-T1. In gen-
eral, a higher value of R indicates better corrosion resistance.
Therefore, the NTFM1 sample was more protective than C-T1 in
the corrosive media and the most corrosion-resistant sample
among C-T and C-NTFM samples.

According to the EEC model and Nyquist plots, the high-
frequency loop shown at the left side of the Nyquist plots indicates
the dielectric behavior of the coating and the low-frequency loop
at the right side of the Nyquist plots confirms the charge transfer
resistance. Considering Table 3, it can be observed that for C-
NTFM/AAm/AMPS samples, the value of CPE., noticeably
decreased, which can be ascribed to the decrement of ability in
accomplishing the electrochemical reactions. From Table 3, it can
be seen that the value of R.y,: for C-NTFM/AAm/AMPS2 and C-
NTFM/AAm/AMPS4 are similar to each other, while C-NTFM/
AAm/AMPS1 showed the best results. In addition, R.; was consider-
ably raised to 2.52 x 10'° for C-NTFM/AAm/AMPS1 and its CPE
exceptionally decreased to 1.77 x 107, which could be a result of
its efficient self-healing reactions. Furthermore, the inner surface
of the C-NTFM/AAm/AMPS1 coating was significantly less than
the neat epoxy coating and other C-NTFM/AAm/AMPS samples.
This phenomenon can be attributed to the uniformity and homo-
geneity of the C-NTFM/AAm/AMPS sample. The healing efficiency
(HE) of this sample was calculated to be almost 100 % by means
of Eq. (3) [44,64]:

%HE = (1- Reo/Ret) x 100 3)

Rs CPEC\OAT

RCOAT CPEDL

S—

Fig. 5. Fitted electrical equivalent circuit.
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Table 3

The EIS parameters of the scratched neat epoxy and epoxy coatings containing modified, unmodified TiO, nanoparticles, and TiO, NC.
Sample Rs (.cm?)  Rcoat (2.cm?)  Rct (Q2.cm?)  CPEcoat-Yo (s".Q2 '.em™2)  CPEcoat-o CPEdl-Yo (s".Q '.em™2)  CPEdl-a
CTRL 411 x 10> 6.69 x 10° 1.87 x 10* 1.01 x 107 6.69 x 102 497 x 10 6.82 x 107
C-T1 8.42 x 10° 9.33 x 10? 2.08 x 10° 5.87 x 10 543 x 107 1.54 x 10 4.08 x 107
C-T2 5.09 x 10> 4.48 x 10° 2.15 x 10% 7.78 x 10°° 464 x 101" 1.06 x 10 7.86 x 107!
C-T4 1.28 x 10> 8.98 x 107 8.06 x 10° 8.81 x 10°° 5.68 x 1077 1.95 x 10 4.88 x 107
C-NTFM1 2.09 x 10? 1.05 x 10° 225 x 10° 236 x 10 887 x 107 1.13 x 107! 7.41 x 107!
C-NTFM2 8.56 x 10! 3.41 x 10 3.36 x 10% 1.74 x 10 624 x 107 2.38 x 10 8.43 x 107!
C-NTFM4 9.82 x 10! 1.67 x 10° 225 x 10* 3.07 x 10 439 x 107 1.85 x 10 7.08 x 107!
C-NTFM/AAm/AMPS1 1.82 x 10% 3.95 x 10° 2.52 x 10'° 4.93 x 10710 8.76 x 107! 1.77 x 10 3.48 x 107!
C-NTFM/AAm/AMPS2  1.62 x 10? 1.45 x 10* 7.30 x 10° 1.90 x 10® 848 x 107 234 x 10° 1.33 x 107!
C-NTFM/AAM/AMPS4 512 x 10> 2.44 x 10* 1.32 x 10° 1.33 x 10°° 844 x 107 215 x 10°® 1.53 x 10!
Where, R.o and R, are charge transfer resistances for the neat

epoxy and self-healing epoxy coatings, respectively. The obtained —C-T1

self-healing efficiency for NTFM/AAm/AMPS showed highly effi- (@) 1o- =c

cient results compared to other previous studies, which affirm — C-NTFM1

the efficacy of using the NC mechanism [44,64]. ——C-NTFM2

o . : o : 054  ——CcNTFM4

In addition, the potentiodynamic polarization analysis was

employed to assess the anti-corrosion performance of the coated

samples [65]. Fig. 6a shows the chemical polarization plots for S 004

the epoxy coatings including neat TiO, nanoparticles and NTFM w

particles. Similarly, Fig. 6b represents the polarization plots for e

the scratched neat epoxy coating [27] and epoxy coating embed- '

ded with TiO, NCs at 1, 2, and 4 wt% after 18 days immersion in

a 3.5 wt% NaCl solution. The plots were fitted by EC-LAB software -1.0 -

to calculate the Tafel parameters in the potential range of Eqcp £ 0.

25 V. Furthermore, the results including corrosion potential (Ecoryr),

corrosion current density (Icor), and anodic/cathodic potentiody- '1’5_11 0 6 8 =2 & 5 4 4 =

namic polarization slopes (b,, b.) are presented in Table 4. The Log ()

incorporation of neat TiO, nanoparticles in the coatings (C-T1, C-

T2, and C-T4 samples) caused a lower corrosion rate of the coating

when the incorporation amount was increased up to the C-T2 sam-

ple. It can be deduced from Table 4 that the modification process ——CTRL

on the samples C-T caused a decrement in the corrosion current (b) 1.0+ = C-NTFM/AAM/AMPS1

density. In other words, it shifted the polarization plots toward — C-NTFM/AAM/AMPS2

the left, as shown in Fig. 6a, which confirms that the rate of corro- =G NIFRAANAMESS

sion reactions diminished in the modified samples of C-NTFM1, C- 0.5+

NTFM2, and C-NTFM4. Thus, the surface modification of nano-TiO,

by MPS caused their better dispersion throughout the epoxy resin —~

and consequently prevented the agglomeration of TiO, nanoparti- < 004

cles, leading to the better corrosion resistance of C-NTFM, com- w

pared to the C-T samples. In addition, the agglomeration of TiO, 054

nanoparticles in the C-T4 sample considerably deteriorated the

anti-corrosion performance of the sample. Therefore, the modifica-

tion of the TiO, nanoparticles made the samples less susceptible to 1.04

corrosion via the corrosive media. Hence, the incorporation of neat

TiO, nanoparticles increased the uniformity of the coatings, lead-

ing to further corrosion processes [54]. -1.5 T T T T T T T T 1
In order to develop corrosion resistance, grafted AAm/AMPS 4+ -0 9 8 -7 6 5 4 3 2

copolymer gel on the NTFM samples was incorporated into the Log (i)

epoxy resin. Due to the AAm/AMPS gel’s affinity towards the water
and the corrosive ions, if defects and cracks appear on the coatings,
the NC would fill the defects. Therefore, the cracks autonomously
heal, similar to intrinsic welding, and prevent the corrosive media
from reaching the underlying substrate. This process can clearly
justify the self-healing mechanism of TiO, NC when exposed to
humidity and salt [34,59]. The coated samples were prepared in
three different weight percentages at 1, 2, and 4 wt% of the
NTFM/AAm/AMPS and incorporated into the epoxy matrix. Accord-
ing to Table 4, the I, of the C-NTFM/AAm/AMPS1 sample was
lower than the others, which means that this sample exhibited
the best corrosion behavior compared to other specimens [33].
Moreover, the healing efficiency (HE) for the C-NTFM/AAm/
AMPS1 sample was higher than the others by an amount of 98%,
calculated from Eq. (4).
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Fig. 6. The Tafel plots of the scratched coatings after immersion for 18 days in a
3.5 wt% NaCl aqueous solution: (a) the epoxy coating containing modified and
unmodified TiO, nanoparticles, (b) neat epoxy and epoxy coatings containing TiO,
NC.

% HE = [(lcorrO - [corr)/lcorrO] x 100 (4)

Where, Icoro and I are the corrosion current density of neat
epoxy coating and the self-healing epoxy coatings, respectively.

It should be noted that the value of E.,,, significantly shifted to
the positive direction via the surface modification of TiO, nanopar-
ticles. The higher E,, value shows that the potential energy for
corrosion reaction increased and caused a significant reduction in
the corrosion process. In the research study conducted by Atta



E. Rezvani Ghomi, S. Nouri Khorasani, Mohammad Sadegh Koochaki et al.

Journal of Advanced Research 43 (2023) 137-146

Table 4

The Tafel parameters of the scratched neat epoxy and epoxy coatings containing modified, unmodified TiO, nanoparticles, and TiO, NC.
Sample Leorr (HA) Ecorr (MV) b, (mV) bc (mV)
CIRL 0.671 -751.116 288.4 204.3
C-T1 0.341 —632.351 265.1 217.6
C-T2 0.522 —702.89 113.1 99.7
C-T4 2.584 -1018.227 356.6 99.4
C-NTFM1 0.111 —730.97 108.5 62.2
C-NTFM2 0.154 —745.383 102.5 51.6
C-NTFM4 0.234 —630.546 266.5 287.6
C-NTFM/AAm/AMPS1 0.009 —435.893 310.8 190.6
C-NTFM/AAm/AMPS2 0.068 —744.754 46 25
C-NTFM/AAm/AMPS4 0.074 —-530.325 305.9 264.4

et al. [44], magnetite nanoparticles were functionalized by AMPS,
AAm/AMPS, and AMPS/Acrylic acid gels and were incorporated in
the epoxy resin. Among the samples, AMPS/AAm magnetite NC
provided the maximum HE of 91.1% and 91.3% by EIS and potentio-
dynamic polarization, respectively. In another study, the authors
used the same self-healing mechanism as the current study and
reached a maximum HE of 88% with both EIS and potentiodynamic
polarization methods [64]. Comparing these studies with the cur-
rent one, it can be concluded that using TiO, nanoparticles with
AMPS/AAm gel was more effective to induce self-healing proper-
ties. It is noteworthy to mention that no delamination was
observed between the coatings and the substrate during the
immersion period. In addition, only a minor sign of corrosion prod-
ucts was observed in the scratched area as a result of electrolyte
penetration in the scratch at the initial stages of immersion, which
was then stopped due to the crack closure by the healing process.
Moreover, no corrosion product was observed under the applied
coatings.

Conclusions

An anti-corrosive and self-healing coating was prepared
through the synthesis and the embedment of modified TiO,
nanoparticles. The functionalization and grafting of particles by
MPS, as the coupling agent, and AAm/AMPS NC improved the cor-
rosion behavior of the samples. The self-healing performance of
NTFM/AAm/AMPS coatings was assessed according to the corro-
sion properties of the scratched panels. In comparison with the
neat epoxy sample, the anti-corrosion performance of the sample
containing 1 wt% NTFM/AAm/AMPS was noticeably enhanced.
The existence of the flexible layer on the nanoparticles’ surface
aided the superior dispersion of nanoparticles, their ability to
absorb the corrosive components, and their swelling, which pre-
vented the corrosive components from reaching the underlying
substrate.
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