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An epoxy resin loaded with modified montmorillonite (OMMT) was successfully employed to seal a Fe-
based amorphous metallic coating (AMC). The OMMT was prepared by first modifying octadecylamine
followed by intercalation with 2-mercaptobenzimidazole (MBI). The corrosion resistance of the as-prepared
and as-sealed Fe-based AMCs was investigated by electrochemical impedance spectroscopy and salt spray
tests. The results show that the sealing treatment using the OMMT-loaded epoxy can enhance the corrosion
resistance of the Fe-based AMC, and the improvement is attributed to the combined effects of the high
shielding ability originating from the epoxy sealant incorporated with the thin-layer-structured OMMTand
the inhibition role of MBI which is released from the OMMT interlayer.

Keywords corrosion inhibitor, corrosion protection, epoxy resin,
Fe-based amorphous metallic coating,
montmorillonite, sealing treatment

1. Introduction

High-velocity oxy-fuel (HVOF)-sprayed Fe-based amor-
phous metallic coatings (AMCs) have shown potential appli-
cations as surface protection coatings due to their good abrasive
wear and corrosion resistance (Ref 1, 2). However, coating
defects such as pores and microcracks are inevitably introduced
during thermal spraying, and they directly influence the service
lives of the coated substrate materials. Zhang et al. (Ref 3)
provided direct evidence that the steel beneath the Fe-based
AMC was preferentially corroded due to the presence of
through-pores. They (Ref 4) also pointed out that the lower the
coating porosity, the better the corresponding corrosion resis-
tance. Therefore, the corrosion resistance of coatings can be
improved by minimizing the existence of structural defects.
Sealing treatment is a common and effective approach to
reducing coating defects (Ref 5-7). The correlation between
sealing treatment and the corrosion resistance of Fe-based
AMCs has been studied by some researchers (Ref 8-12). Wang
et al. (Ref 13) reported the effectiveness of three (AlPO4,
Na3SiO4, and cerium salt) sealing treatments in enhancing the

corrosion resistance of a Fe-based AMC. However, most
inorganic sealing processes are performed under heat treat-
ments, and this limits their practical applications, while
temperature limitations are not associated with organic sealants,
hence they enjoy large-scale on-site constructions at room
temperature.

A few reports have demonstrated the improvements of the
corrosion resistance of coatings by epoxy sealing (Ref 9, 14).
However, in many cases, the organic sealed layers remain
permeable to corrosive species, such as dissolved oxygen and
corrosive ions (Ref 15-17). To solve this, the incorporation of
fillers, such as extenders and inorganic pigments, into the
organic matrices can effectively decrease the diffusion paths of
the corrosive media and enhance the anti-corrosion properties
of the coatings (Ref 18-20). Among the various existing fillers,
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BE-sealed coating Fe-based AMC sealed with blank epoxy
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SOE-sealed coating The excess sealant on the OE-sealed coating

surface was not removed
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montmorillonite (denoted as MT in this work) is a unique filler
material due to its layer structure. Its main structural unit is
composed of a layer of octahedral alumina sandwiched by two
layers of the silicon-oxygen tetrahedron. This special layer
structure endows MT with its unique properties, such as ion
exchange and swelling. Thus, the fabrication of a Fe-based
AMC with MT-loaded epoxy offers promising prospects for
improving the corrosion resistance of the coating.

In addition, the incorporation of corrosion inhibitors into
sealants has been demonstrated to be an effective way of
endowing coatings with self-healing properties (Ref 21, 22).
Moon et al. (Ref 21), Mohedano et al. (Ref 22), and Laleh et al.
(Ref 23) proved that the corrosion resistances of their respective
coatings were improved by cerium-based sealing treatments. A
contradictory view holds that the direct addition of corrosion
inhibitors to sealants usually affects their cross-linking reac-
tions, thereby deteriorating the protective performances of the
sealed layers (Ref 8). The use of corrosion inhibitor-loaded
nanocontainers does not only overcome the detrimental effects
associated with direct inhibitor additions, but also ensures the
release of the corrosion inhibitors on demand (Ref 24-32). MT
has been previously applied as a nanocontainer for corrosion
inhibitors (Ref 26, 33). Ghazi et al. (Ref 34) studied the
corrosion protection property of benzimidazole (BIA) and zinc
cations (Zn2+) intercalated MT and found that the efficient
protection ability of the material resulted from the combined
effects of the BIA+ and Zn2+ cations. The study also provided a
novel idea for the introduction of corrosion inhibitors into MT,
which is expected to endow sealed layers with certain self-
healing properties.

The main objective of this work is to develop a dual-purpose
sealed coating with excellent barrier properties and active
corrosion protection abilities. MT was first modified by
octadecylamine and intercalated with 2-mercaptobenzimidazole
(OMMT). Then, the epoxy sealant loaded with OMMT was
applied to a Fe-based AMC. The morphology and structural
characterization of MT before and after treatment were studied
by SEM, FTIR, TGA, and XRD. The release kinetics of MBI
from the OMMT interlayer was performed by UV spec-
troscopy. The influence of sealing treatment on the corrosion
resistance of the Fe-based AMC was investigated by electro-
chemical impedance spectroscopy (EIS) and salt spray test.
Additionally, the corrosion protection mechanism was proposed
and discussed in details.

2. Experimental

2.1 Materials

The HVOF-sprayed Fe-based AMC used in this work had
the following composition in wt. %: Fe: 54.2, Cr: 18.3, Mo:
13.7, Mn: 2.0, W: 6.0, B: 3.3, C: 1.1, Si: 1.4. The powder was
produced by argon atomization at a dynamic pressure of 7 MPa
after heating to 1600 K, and the as-atomized powder with the
particle sizes of 15-45 lm were sprayed on the substrate
(10CrNi3MoV carbon steel). The spraying parameters were as
follows: the oxygen flow, kerosene flow, and air flow were 252,
72, and 399 standard cubic feet, respectively; the spraying
distance was 250 mm; the feed rate was 20 g/mm, and the
traverse velocity was 800 mm/s (Ref 13, 35, 36). Epoxy resin
was supplied by Kukdo chemical (Kunshan) co., Ltd. Mont-

morillonite (MT) was provided by Lingshou County Heng-
chang Mineral Processing Factory and used as received without
further purification. Octadecylamine and 2-mercaptobenzimi-
dazole (MBI) were of analytical reagent grade purchased from
Sinopharm Chemical Reagent Co., Ltd.

2.2 Preparation of OMMT

OMMT was prepared by a two-step process. Firstly, 20 g of
MT was dissolved in 1800 mL of deionized water and
magnetically stirred for 12 h at room temperature. Then,
96.8 mM/L of octadecylamine and deionized water (pH = 3-4)
were gradually added to the above solution under vigorous
stirring, followed by a reaction at 80 �C for 24 h, wherein pH
was adjusted with dilute hydrochloric acid. After that, the
suspended powder was prepared, centrifuged, and rinsed in a
water/ethanol solution and then centrifuged again until no AgCl
precipitate was formed in the residual solution, which was
designated as MMT.

Secondly, MMT was used as a nanoreservoir for corrosion
inhibitors. Supersaturated MBI was dissolved in a mixture of
MMT, acetone, and water, then transferred to vacuum equip-
ment (2 9 103 Pa) which was maintained at room temperature
for 3 h. Afterwards, the precipitate was washed with distilled
water, followed by ethanol to remove the excess corrosion
inhibitor. Finally, the prepared powder was dried overnight at
60 �C, ground to pass through a 200-mesh sieve, and denoted
as OMMT.

2.3 Preparation of Fe-Based AMC Sealed
with OMMT-Loaded Epoxy

The epoxy sealant doped with OMMT was applied on the
Fe-based AMC (OE-sealed coating) using a film applicator, and
then cured for 2 h at 100 �C (Viscosity: £ 43.1 ± 0.8 mPaÆs,
Brookfield DV-III + Rheometer, USA). By comparison, the Fe-
based AMCs sealed with and without blank epoxy resin are
addressed as ‘‘BE-sealed coating’’ and ‘‘unsealed coating’’,
respectively, in the following discussion. The penetration depth
of the blank epoxy sealant and the epoxy loaded with OMMT
was approximately 380 and 370 lm for BE-sealed coating and
OE-sealed coating. The excess sealant (45 ± 2 lm) on the
surface of the sealed coatings used in the EIS test was ground
with 1000-grit SiC paper, but was not removed in the salt spray
test.

2.4 Characterization

2.4.1 The Morphology and Structure Characteriza-
tion. The surface morphologies of the MT and OMMT
powders, as well as the unsealed, BE-sealed and OE-sealed
coatings were observed by scanning electron microscopy
(SEM, FEI-Inspect F) equipped with energy dispersive x-ray
spectrometer (EDS). The treatment of the organic molecular
chain on MT could have led to its chemical transformation from
inorganic to organic, and this was examined by Fourier
transform infrared spectroscopy (FTIR, Bruker IFS55). The
FTIR spectra were obtained in KBr pellet and recorded in the
wavenumber range of 4000-400 cm�1 with 4 cm�1 resolution.
Thermogravimetric analysis was conducted with Thermo-
gravimetry Analyzer SETSYS Evolution18 (SETARAM,
France) in the range of 50-800 �C at a heating rate of 10 �C/
min in a nitrogen atmosphere. Moreover, x-ray diffraction
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(XRD) test was utilized to characterize the changes in the
interlayer distance for MT, MMT, and OMMT. This was
performed using a Rigaku D/max 2400 diffractometer (Tokyo,
Japan) with monochromated Cu Ka radiation (k = 0.1542 nm).

2.4.2 The Release Kinetics of MBI from the OMMT
Interlayer. The release kinetics of MBI from the OMMTwas
carried out with UV-2100 spectrophotometer (Beijing Ruili
Analytical Instruments Ltd.). To test the effect of solvent type
and concentration on the release rate of MBI, 0.05 g OMMT
was vigorously stirred in 1000 mL deionized water, 0.35 wt.%
NaCl, and 3.5 wt.% NaCl, respectively. The solutions were
stirred for a defined time and filtered. Afterwards, the
concentrations of MBI in the filtrates were measured and the
release profiles of MBI from the OMMT interlayer of the three
solutions were calculated.

2.4.3 Corrosion Protection Performance Evalua-
tion. The corrosion protection performances of the coatings
were examined by electrochemical impedance spectroscopy
(EIS) and salt spray test.

EIS test was conducted using a Potentiostat/Galvanostat
(PARSTAT 2273). A classical three-electrode cell included the
samples with exposed areas of 12.56 cm2 (working electrode),
saturated calomel electrode (SCE) (reference electrode), and
platinum plate (counter electrode). EIS spectra were obtained at
OCP using an amplitude signal voltage of 20 mV exposed to
0.35 wt.% NaCl solution in the frequency range from 100 kHz
to 10 mHz. The corrosion rate of the coating was reduced at a
low concentration of the corrosive media (0.35 wt.% NaCl),
which was beneficial to the evaluation of the corrosion
protection mechanism of MBI released from the OMMT
interlayer for the OE-sealed coating, and it was also based on
the results of MBI release kinetics. Moreover, a Faraday cage
was used to minimize external interferences on the system
during testing. The obtained EIS data were analyzed by the
ZsimpWin software.

The long-term corrosion resistances of the coatings were
evaluated by a neutral salt spray test (5 wt.% NaCl, pH: 6.5-
7.2, temperature: 35 ± 1 �C) according to the standard ASTM
B117. The samples were periodically taken out and their
corrosion performances were evaluated during exposure.

2.4.4 Self-Healing Capability Evaluation. The epoxy
sealants with (OE) and without (BE) OMMT were directly
applied on the steel substrate, and not the Fe-based AMC, to
estimate the inhibition effect of MBI on the substrate beneath
the Fe-based AMC. With the aid of sharp metallic blade, an
artificial defect with length 5 mm and width 0.75 ± 0.25 mm
was made on the coating surfaces until the metal substrates
beneath the sealants were exposed. After 6 h immersion, the
morphologies and chemical compositions of the two coatings
with artificial defects (Ref 34) were measured using an electron
probe x-ray microanalyzer (Shimadzu Model EPMA-1610).

3. Results and Discussion

3.1 Effect of Surface Treatment on MT

To analyze the polarity of montmorillonite before (MT) and
after (OMMT) treatment, and to assess the compatibility of
OMMT with the organic phase, MT is added to deionized
water, while OMMT is added to deionized water and ethanol.
The dispersibility and stability of the powders in the different

solvents are shown in Fig. 1. As observed in Fig. 1a, MT is
fully dissolved in deionized water because of its water
solubility. On the other hand, OMMT is insoluble in deionized
water as it is observed to float on the surface (Fig. 1b), but it is
homogeneously dispersed in ethanol (Fig. 1c). There are still
no OMMT deposits found in the ethanol after one month.
These results suggest that the polarity of the treated MT
(OMMT) is transformed from hydrophilicity to hydrophobicity.
Similarly, it is reasonable to draw an inference that OMMT is
capable of being uniformly and stably dispersed in the epoxy
sealant.

3.2 Morphology Characterization

Figure 2 depicts the SEM micrographs of MT and OMMT.
As shown in Fig. 2a, MT displays a plate-like structure which
is highly aggregated. The EDS result reveals the presence of
carbon, oxygen, aluminum, and silicon in the MT structure. In
contrast, an obvious change is observed in Fig. 2b where
OMMT is exfoliated into a single layer of slices. According to
EDS microanalysis, the spectrum presents a new S element
derived from MBI in addition to all the elements characterized
for MT, as well as a significantly higher concentration of C
element (Fig. 2b1) compared to that shown in Fig. 2a1. The
results demonstrate the intercalation of octadecylamine and
MBI into the OMMT interlayer.

3.3 FTIR Test

Figure 3 shows the FTIR spectra of MT and OMMT. For the
untreated MT (Fig. 3a), the peaks around 3624, 3450 and
1652 cm�1 are assigned to the stretching and bending vibra-
tions of O–H on the MT surface (Ref 19, 26, 37). The bands
around 1090 and 1039 cm�1 are ascribed to the stretching
vibration of Si-O (Ref 19, 26, 38). Furthermore, the peaks
around 621 and 519 cm�1 are ascribed to Al-O and Si–O
bending vibrations (Ref 19, 26, 39). In the case of OMMT
(Fig. 3b), the intensities of the bands around 3624 and
3450 cm�1 are weaker in comparison to those of the pristine
MT, which implies that the modification has an effect on the
structure of MT. Apart from the characteristic peaks of MT, the
new absorption peaks at 2922 and 2850 cm�1 are attributed to
the asymmetric and symmetric stretching vibrations of C-H,
respectively (Ref 40), suggesting the presence of octadecy-
lamine in the OMMT. The peaks around 1641, 1597, 1512, and
1468 cm�1 are derived from the C = C stretching vibration of
benzene rings (Ref 41). Additionally, the multiple peaks from
3150-3000 cm�1 are ascribed to the stretching vibration of C-H
from the benzene ring, while the sharp peak at 744 cm�1 is
assigned to the out-plane bending vibration of C-H (Ref 42),
indicating the presence of a 1, 2-disubstituted benzene ring
structure in the compound. The peak at 2570 cm�1 is assigned
to the stretching vibration of S-H. These results demonstrate the
presence of MBI in the OMMT interlayer.

3.4 Thermogravimetric Analysis

Figure 4 shows the TGA diagrams of MT, MMT, and
OMMT. There are two weight loss stages for MT (Fig. 4a). The
first stage is observed at temperatures between 80 and 150 �C,
and it is related to the desorption of physically absorbed water
on MT. An additional weight loss is observed above 600 �C,
which is attributed to the release of –OH from the MT lattice
(Ref 34, 43). By contrast, MMT and OMMT display either
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small or no weight loss below 150 �C. For MMT, the second
and third weight loss stages around 230 and 350 �C are
attributed to the thermal decomposition of octadecylamine (b.
p. 232 �C) on the MMT surface and its introduction into MMT,
respectively. Moreover, the weight loss percentage is about
25% (Fig. 4b). For OMMT, it is observed that the second
weight loss (about 31%) occurs around 300-500 �C (Fig. 4c).
The removal of the long-chain octadecylamine grafting on the

OMMT surface results to the disappearance of the thermal
decomposition around 230 �C. Besides, the retardation of the
degradation temperatures for octadecylamine (b. p. 232 �C) and
MBI (b. p. 300-304 �C) inside the interlayer are caused by the
barrier role of the OMMT plates. Note that the increase in
weight loss for OMMT compared to MT (Fig. 4a) and MMT
(Fig. 4b) signifies the successful incorporation of both the long-
chain alkylamine and MBI into the OMMT gallery.

Fig. 1 The dissolution of montmorillonite before (MT) and after (OMMT) treatment in different solvents. (a) MT in deionized water; (b)
OMMT in deionized water, and (c) OMMT in ethanol
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3.5 X-ray Diffraction (XRD) Study

The XRD patterns of MT, MMT and OMMT are presented
in Fig. 5, and the values of the basal spacing (d001) are
calculated based on Bragg�s Law. According to Fig. 5, the
diffraction peak (d001) for MT appears around 2h = 7.09, which
corresponds to a layer d-spacing of 1.245 nm. Compared with
MT, the basal spacing of MMT and OMMT increases from
1.245 to 1.846 nm (2h = 4.78) and 1.944 nm (2h = 4.54),
respectively, indicating the successful intercalation of octade-
cylamine (CH3(CH2)17NH3

+) and MBI into the MT gallery.
Some references (Ref 34, 44) pointed out that the sizes and
amounts of the intercalated species are responsible for the
different heights of galleries. The length of the octadecylamine
molecule is estimated to be around 23.97 Å (calculated by
ACD/3D view), which is bigger than the interlayer distance of
MMT (18.46 Å). This result indicates that CH3(CH2)17NH3

+

which is present in the clay interlayer is inclined at an angle of
about 39.6�. On the other hand, the basal spacing of MMT is far
larger than that of MBI (length: 8.67 Å, width: 5.34 Å), which
is favorable for its further intercalation. The small difference in
basal spacing between OMMT and MMT may be attributed to
the introduction of MBI between the long-chain alkylamine
groups. Correspondingly, the angle between CH3(CH2)17NH3

+

and the vertical line becomes smaller (about 35.8�).

3.6 Release Study

The absorbance values of the different concentrations of
MBI in distilled water, 0.35 wt.% NaCl, and 3.5 wt.% NaCl are
determined by measuring the characteristic peak of MBI at
242 nm (Fig. 6a), and the corresponding standard curves are
presented in Fig. 6(b-d). According to Fig. 6(b-d), a linear
relationship exists between the concentrations of MBI (Ci,
i = 1, 2, 3) and the absorbance values (Ai, i = 1, 2, 3) in the
three solvents, as follows:

A1 ¼ 0:1046C1 þ 0:0411 ðEq 1Þ

A2 ¼ 0:1053C2 þ 0:0424 ðEq 2Þ

A3 ¼ 0:1020C3 þ 0:0353 ðEq 3Þ

where 1, 2 and 3 correspond to deionized water, 0.35 wt.%
NaCl, and 3.5 wt.% NaCl, respectively.

To quantify the release kinetics of MBI, 0.05 g OMMT was
first placed in a beaker with 1000 mL distilled water, 0.35 wt.%
NaCl, and 3.5 wt.% NaCl, respectively. The solutions were
vigorously stirred for a certain time and filtered. Then the
absorbance values of MBI in the filtrates were measured at
different mixing times and in different electrolyte solutions.
The corresponding concentrations of MBI in the three elec-

Fig. 2 SEM micrographs with EDS elemental analysis of (a), (a1) MT and (b), (b1) OMMT
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trolytes are calculated based on Eq 1-3. Moreover, the loading
amount of MBI inside the OMMT interlayer is also measured
by UV analysis, and then the release percentage (%) of MBI in
the different electrolyte solutions versus stirring time is
calculated, as shown in Fig. 7.

As presented in Fig. 7(a) and (b), for deionized water and
0.35 wt.% NaCl, the release amount increases with stirring
time. The release profile of MBI nearly reaches a plateau after
160 min (Fig. 7a) and 80 min (Fig. 7b), corresponding to 70.8
and 66.9% of the loaded capacity, respectively. The release rate
of MBI in the NaCl solution (Fig. 7b) is much higher than that
in deionized water (Fig. 7a) at the early stages (0-60 min). This
is because NaCl is a strong electrolyte and can be rapidly
ionized, thus it is capable of replacing MBI in the OMMT
interlayer. In contrast, water is a weak electrolyte. For the same
strong electrolyte (NaCl) but at different concentrations, the
increase in concentration (from 0.35 to 3.5 wt.%) leads to a
sharp increase in the amount of leached MBI. As expected, the
maximum release reaches a plateau within only 5 min, where
the percentage of released MBI is 89.3% (Fig. 7c). Based on
these experimental results, it is reasonable to suggest that when
the aggressive species penetrate the coating and attack the

substrate, the MBI in the OMMT interlayer is leached out and
migrates to the corrosion sites, thus offering protection against
corrosion.

3.7 EIS Test

Figure 8 presents the Nyquist and Bode plots of the
unsealed, BE-sealed, and OE-sealed coatings immersed in
0.35 wt.% NaCl solution at different times. As shown in
Fig. 8a, the radius of capacitance arc for the unsealed coating
reduces sharply with increasing immersion time (0-24 h),
indicating the fast degradation of the anti-corrosion ability of
the Fe-based AMC. The radius of the capacitance arc and the
impedance value at 0.01 Hz are observed to have increased
from 96 to 216 h (Fig. 8a and b). In the case of the BE-sealed
coating (Fig. 8c and d) and OE-sealed coating (Fig. 8e and f),
the impedance values at 0.01 Hz are higher than that of the
unsealed coating throughout the entire immersion. This indi-
cates that the sealing treatment improves the corrosion
resistance of the Fe-based AMC.

To better understand and analyze the degradation processes
of the three coatings, the equivalent circuits depicted in Fig. 9

Fig. 3 FTIR spectra of (a) MT, (b) OMMT and (c) local higher magnification of (b)
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are proposed to fit the EIS spectra based on the structural
characteristics of the outer and inner layers of the coating and
relevant references (Ref 9, 10, 12, 22, 45). When the
amorphous coating is exposed to corrosive media, the solution
can diffuse into the microcracks and pores in the outer layer of
the coating to induce corrosion. Therefore, the equivalent
circuit model A with two time constants shown in Fig. 9a is
used to fit the 0-24 h EIS data of the unsealed coating. Rout is

assigned to the charge transfer resistance on the outer porous
layer of the unsealed coating where the corrosion reaction
occurs. Rin is the resistance of the inner lower porosity layer.
While the charge transfer process detected in the micropores of
the two sealed coatings is caused by incomplete sealing
(Fig. 9b), Rct is associated with the corrosion resistance within
the micropores. Rc is the resistance of the sealed coatings. With
prolonging the immersion (96-216 h), the charge transfer
process is transferred to the surface of the substrate due to
the penetration of corrosive media. For equivalent circuit model
C as shown in Fig. 9c, three time constants are applied to
simulate the EIS plots of the three coatings. The alternative
third time constants of Rct and Qdl represent the polarization
resistance and double-layer capacitance at the electrolyte/sub-
strate interface. Rout and Rin are assigned to the resistance of the
outer layer and the inner layer of the unsealed and sealed
coatings, respectively. The equivalent circuit diagrams are well
fitted to the corresponding EIS spectra, with chi-square values
in a magnitude order of 10�3 (Ref 10).

Figure 10 displays the variations of total resistance Rtotal

(Rtotal = Rout + Rin/Rout + Rin + Rct) (Ref 22) for the three
coatings versus immersion time. It is seen that the Rtotal of
the unsealed coating drops sharply from 0 to 24 h due to the
penetration of the corrosive solution. As observed in Fig. 11a
and b, there are some pores and microcracks in the coating,
which provide diffusion channels for the penetration of
corrosive media. However, the Rtotal values of the other two
sealed coatings exhibit ascending trends. This is because
coating defects are minimized by the sealing treatment, and

Fig. 4 TGA diagrams of (a) MT, (b) MMT and (c) OMMT

Fig. 5 XRD patterns of MT, MMT, and OMMT
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fewer structural defects in turn suppress the diffusion of
electrolytes. Correspondingly, the BE-sealed and OE-sealed
coatings are well sealed except for the microdefects generated
during the curing process of the sealants (Fig. 11c-f). The
unsealed coating exhibits a rapid increase in impedance
towards the later stages of immersion (96-312 h). When the
corrosive media reaches the coating/substrate interface, the
substrate is polarized and acts as an anode to corrode, and the
accumulation of corrosion products offers a degree of protec-
tion against further corrosion (Ref 3, 4, 46). For the BE-sealed
coating, the Rtotal values are relatively stable from 96 to 168 h,
and then decrease (168-312 h). This phenomenon may be
related to the corrosion protection, and deterioration of the
sealed layer, respectively. It is noteworthy that the Rtotal values
of the OE-sealed coating show a slight increase and are higher
than those of the other two coatings. The addition of OMMT
with a layered structure into the epoxy sealant leads to the
improvement of the physical barrier performance (Fig. 11e and

f). Moreover, the MBI released from the OMMT interlayer
migrates to the active anodic sites to reduce the corrosion rate
(Ref 32, 34).

3.8 Salt Spray Test

Generally, the excess sealant on a coated surface should be
ground off before test, such as the samples in the electrochem-
ical experiments of this study, as well as those from some
research related to sealing treatments (Ref 10, 47). However,
this is needless in practical applications. Combined with the
actual situation, the excess sealants on the surface of the BE-
sealed and OE-sealed coatings are not removed in the salt spray
test, and the samples are denoted as ‘‘SBE-sealed coating’’ and
‘‘SOE-sealed coating’’, respectively.

Figure 12 illustrates the optical images of the unsealed,
SBE-sealed, and SOE-sealed coatings after 48, 1000 and

Fig. 6 (a) UV spectrum of MBI. The standard curves of different concentrations of MBI in (b) distilled water, (c) 0.35 wt.% NaCl and (d)
3.5 wt.% NaCl by measuring the characteristic peak of MBI at 242 nm
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2000 h salt spray tests. Clearly, several corrosion spots are
observed on the surface of the unsealed coating after exposure
for only 48 h (Fig. 12a), indicating its poor corrosion protec-
tion ability. This is consistent with the EIS results (Fig. 8a and
b). With prolonged exposure (1000 h), the entire surface of the
unsealed coating is almost filled with corrosion products
(Fig. 12d). This means that the unsealed coating is failed and
could not protect the substrate from corrosion. However, there
is no corrosion on the surface of the SBE-sealed coating
(Fig. 12e) and SOE-sealed coating (Fig. 12f) after the same
exposure duration. After 2000 h immersion, 83% of the excess
sealant is stripped off from the surface of the BE-sealed coating
(Fig. 12g). This illustrates that the corrosive media penetrates
the surface of the sealed layer and BE-sealed coating through
the microdefects of the blank epoxy sealant (Ref 48), and the
reduction in adhesion between the two results in the peeling off
of the surface sealed layer. It should be noted that no sign of
corrosion spot is observed on the surface of the SOE-sealed
coating even after 2000 h exposure (Fig. 12h), indicating that it
provides the best corrosion protection ability.

3.9 The Self-Healing Ability

The self-healing abilities of the BE and OE coatings with
artificial defects are evaluated to assess the corrosion inhibition
performance of MBI on steel substrate beneath the Fe-based
AMC (Ref 24, 34). Note that the removal of the Fe-based AMC
does not affect the experimental results. This is because the
corrosive media diffuses into the interface of the Fe-based
AMC and substrate through the coating defects, which is one of
the most commonly encountered failure types (Ref 4, 10), and
the Fe-based AMC acts as a cathode with respect to the
substrate. The artificial defects permit quick and direct contact
of the corrosive media with the substrate.

Figures 13 and 14 display the morphologies and elemental
distributions of the coatings with scratches after 6 h immersion
in 3.5 wt.% NaCl solution. As demonstrated by the elemental
map, the white color represents the region with high concen-
tration of C, Fe or O elements in the BE coating and the region
with high concentration of O, Cl or S elements in the OE
coating, respectively, while the blue color is the region with low
concentration. Obvious corrosion products are observed inside

Fig. 7 Release kinetics of MBI from the OMMT interlayer into 1000 mL (a) deionized water, (b) 0.35 wt.% NaCl and (c) 3.5 wt.% NaCl
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the scratched region of the BE coating (Fig. 13a) and the C
signal is also absent (Fig. 13b). Moreover, the concentration of
O element is observed to be higher inside the scratch than in
any other area (Fig. 13d), suggesting that corrosion reaction

occurs in the scratch of the BE coating. Comparatively, there
are only small amounts of corrosion products in the scratched
area of the OE coating with most parts of the scratched area
remaining clear (Fig. 14a). The O content in the scratch

Fig. 8 Nyquist and Bode plots of the (a), (b) unsealed coating, (c), (d) BE-sealed coating, and (e), (f) OE-sealed coating immersed in
0.35 wt.% NaCl solution at different times
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(Fig. 14b) is considerably lower than that of the scratch on the
BE coating (Fig. 13d). Furthermore, a new S element from
MBI is detected on the scratch area (Fig. 14d), signifying that
MBI is leached from the OMMT interlayer and adsorbs on the

substrate surface to prevent the propagation of corrosion
process. Therefore, the addition of OMMT to the epoxy sealant
provides corrosion inhibition properties to the OE-sealed
coating.

Fig. 9 Equivalent circuit models used to fit the EIS plots. Equivalent circuits A and B with two time constants are used for fitting the 0-24 h
EIS data of the unsealed coating and sealed coatings, respectively, and Equivalent circuit C is used for fitting the 96-216 h EIS data of the three
coatings

Fig. 10 Variation of Rtotal for the unsealed, BE-sealed and OE-sealed coatings with immersion time in 0.35 wt.% NaCl solution
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3.9.1 Corrosion Protection Mechanism. Structural de-
fects, such as pores and cracks, in the unsealed coating
(Fig. 11a and b) provide diffusion channels for the electrolyte
to reach the steel substrate beneath the Fe-based AMC. With
the coating as a large cathode and the substrate as a small
anode, galvanic corrosion takes place (Ref 4, 46), and this
enhances the dissolution of the substrate. As shown in Fig. 12a
and d, corrosion products are observed on the surface of the Fe-
based AMC. For the BE-sealed coating, the reduction of
coating defects by epoxy sealing obstructs the diffusion

pathways of the corrosive media (Fig. 11c and d) and improves
the corrosion performance of the coating (Fig. 8c and d), and
this is in agreement with the works of Wu et al. (Ref 9), Gil
et al. (Ref 14), etc. However, the blank epoxy sealed layer is
susceptible to the penetration of the corrosive media with
prolonged immersion (Ref 15-17). Some researchers pointed
out that in some cases the number of corrosive species, such as
dissolved oxygen, spreading beneath the blank organic coating
was several times more than the minimum amount initiating the
substrate corrosion (Ref 49). Ultimately, the BE-sealed coating

Fig. 11 The surface and cross-sectional morphologies of the (a), (b) unsealed coating, (c), (d) BE-sealed coating and (e), (f) OE-sealed coating
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is ineffective against corrosion. As seen in Figs. 10 and 12(g),
the Rtotal decreases after 168 h immersion, and the sealed
surface layer is peeled off from the BE-sealed coating.

In comparison, the OE-sealed coating displays the best
corrosion performance, and some mechanisms that could
account for its superior corrosion resistance are listed as
follows:

(1) The shielding effect of the epoxy sealant loaded with
OMMT

Due to the ion exchange and swelling of MT, protonated
octadecylamine (CH3(CH2)17NH3

+) can be exchanged with the
cations within the MT interlayer. The possible reaction can be
expressed as Eq 4, where m represents the cations present in
the MT gallery.

m�MTþ CH3 CH2ð Þ17NHþ
3 Ð CH3 CH2ð Þ17NH3 �MT

þ mþ

ðEq 4Þ

The length of the octadecylamine molecule is about
23.97 Å, which is larger than those of the cations between
the MT interlayer. Therefore, the successful incorporation of
octadecylamine into MT (MMT) directly results in an increase

in the interlayer spacing from 1.245 to 1.846 nm (Fig. 5).
Moreover, the increased basal spacing of MMT favors the
loading of MBI with a length of about 8.67 Å and a width of
about 5.34 Å (OMMT). As demonstrated by FTIR (Fig. 3) and
TGA (Fig. 4), both octadecylamine and MBI are successfully
intercalated into the OMMT interlayer. The results of SEM
(Fig. 2) and XRD (Fig. 5) reveal that the layer spacing of
OMMT is larger and presents a thin-layer structure. Addition-
ally, after the two-step treatment, the polarity of MT changes
from hydrophilic to hydrophobic. As described in Fig. 1,
OMMT is relatively soluble in ethanol, and similarly, it exhibits
good compatibility with the organic epoxy sealant. Also, with
its thin layer structure, the OMMT is uniformly and stably
dispersed in the epoxy sealant, which can improve the shielding
performance of the sealed layer and effectively reduce the
diffusion path of the corrosive media (Fig. 15a). Thus, the
corrosion resistance of the OE-sealed coating is improved.

(2) The inhibition role of MBI released from the OMMT
interlayer.

With the transport of aggressive media to the substrate beneath
the OE-sealed coating, the occurrence of anodic and cathodic
reactions leads to the change of local pH values. The pH
altering triggers the release of MBI from the OMMT interlayer,

Fig. 12 Optical images of the unsealed, SBE-sealed, and SOE-sealed coatings after exposures at varying times in the salt spray test. The excess
sealants on the BE-sealed (SBE-sealed) and OE-sealed (SOE-sealed) coatings surface are not removed
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and the released MBI exists in protonated and deprotonated
forms (Eq 5, 6) (Ref 24, 50, 51). As observed in Fig. 7, the
corrosion inhibitor (MBI) in the OMMT interlayer is released,
and the released amount counteracts the effect of the corrosive
media. Also, the presence of the S element within the scratched
region of the OE coating confirms the release of MBI from the

OMMT interlayer. Then, the leached MBI is adsorbed on the
active anodic sites (Fig. 15b), and reacts with the dissolved
Fe2+ (Eq 7) to form insoluble compounds against corrosion
(Fig. 15c) (Ref 24, 51-53). The corresponding corrosion
protection mechanism is illustrated in Fig. 15.

Fig. 13 EPMA mapping of the scratched region of the BE coating immersed in 3.5 wt.% NaCl solution for 6 h. (a) Backscattered electron
image; The distribution of (b) C element, (c) Fe element and (d) O element. BE coating: The substrate is directly sealed with blank epoxy,
except for Fe-based AMC

(5)
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Fig. 14 EPMA mapping of the scratched region of the OE coating immersed in 3.5 wt.% NaCl solution for 6 h. (a) Backscattered electron
image; The distribution of (b) O element, (c) Cl element and (d) S element. OE coating: The substrate is directly sealed with OMMT-loaded
epoxy, except for Fe-based AMC

(6)
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Mahdavian et al. (Ref 51) reported that the presence of
nitrogen and sulfur atoms in MBI was responsible for the high
adsorption ability of the azole compounds on steel surface,
hence the strong corrosion inhibition effect of MBI. As shown
in Fig. 14, the corrosion phenomenon of the OE coating is
obviously reduced relative to that of the BE coating. Moreover,
the ionized MBI (Eq. 6) with high adsorption capacity exhibits
competitive adsorption with the corrosive ions (Ref 50, 52, 53),
which decreases the anodic area, and thus the corrosion rate of
the substrate.

According to the above analysis, it can be concluded that the
OE-sealed coating displays superior corrosion resistance com-
pared with the other two coatings, and this is consistent with the
results of the EIS (Figs. 8 and 10) and salt spray test (Fig. 12).

4. Conclusions

Octadecylamine and 2-mercaptobenzimidazole are success-
fully intercalated into the interlayer of MT, and this causes the
expansion of the basal spacing for OMMTwith a single layer of
slices. UV result shows the release possibility of the MBI inside
the OMMT interlayer, and the exchangeability is related to the
corrosive media. The structural defects of the Fe-based AMC
are reduced after sealing treatments, and based on EIS and salt
spray test results, the corrosion resistance of the coatings
follows the order: OE-sealed coating > BE-sealed coat-
ing > unsealed coating. Consequently, two reasons are pro-
posed for the superior corrosion resistance of the OE-sealed

coating. Firstly, with its thin layer structure, the uniform
dispersion of OMMT in the epoxy sealant provides high
shielding performance for the OE-sealed coating against the
penetration of corrosive media. Secondly, the MBI released
from the OMMT interlayer is adsorbed on the corrosion sites
and provides active corrosion protection.
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