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Abstract The effect of addition of aluminum (Al) nano-
particles to epoxy coating on the ability to protect the carbon
steel was studied by electrochemical impedance spectrosco-
py and focused ion beam-transmission electron microscopy.
The EIS was conducted in 0.1 M NaCl solution after wet/dry
cyclic corrosion test. The addition of Al nanoparticles in-
creased the film resistance (Ry) and the charge transfer
resistance (R.) of epoxy-coated steel. The surface analysis
showed that uniform and fine Al-Fe complex oxide layers
were formed acting as barrier layers that enhanced the
corrosion protection of the epoxy-coated steel. It has been
concluded that the Al nanoparticles had a beneficial role in
improving the corrosion resistance of the epoxy-coated
steel.

Keywords Coatings - Al nanoparticles - Corrosion - EIS -
FIB-TEM

Introduction

A general and inexpensive approach to enhance corrosion
resistance of carbon steel (CS) is to apply protective coat-
ings on their surface [1, 2]. Organic coatings have been used
to protect structural materials against corrosion. However,
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their poor durability has been well documented [3]. To
overcome this cumbersome, inhibitive elements have been
introduced into organic coatings. Commonly, zinc (Zn) rich
coatings have been used owing to their ability to act as a
sacrificial coating to protect steel against corrosion [4-9].
Nevertheless, the available resources of Zn in the earth are
decreasing markedly. Thus, as an alternative to Zn, Al coat-
ings have been used in recent years to protect the structural
materials in corrosive environment [10].

Sometimes, Al forms a passive film on the surface, it
does not show the sacrificing effect against steel. On the
other hand, nanomaterials and nanoparticles have been
widely developed for various applications [11-14]. By re-
ducing the size of particles to the nano-level, the activity of
the surface is to be significantly improved. Moreover, the
incorporation of Al nanoparticles into the organic coatings
helps to develop environmental friendly coatings. Although
Al nanoparticles have been used for advanced energetic
materials [15], few studies have focused on their anticorro-
sion properties resulting from the addition of nano Al to the
coatings [16]. Shi et al. [17] have reported the role of nano-
particles viz., SiO,, Zn, Fe,O5;, and holloysite clay
introduced into epoxy coatings on steel in NaCl solu-
tion. Moreover, epoxy coatings containing nanoparticles
are expected to enhance the barrier properties for cor-
rosion protection and reduce blister or delamination in
the coating [18, 19].

In this study, we utilized Al nanoparticles in epoxy coat-
ings to achieve the sacrificing effect against corrosion of
steel in 0.1 M NacCl solution under a wet/dry cyclic condi-
tion. In order to investigate the effect of Al nanoparticles,
the electrochemical behavior of the coated steel was inves-
tigated by the electrochemical impedance spectroscopy
(EIS), and the corrosion products of the coated steel were
examined by field emission-scanning electron microscopy
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(FE-SEM) and focused ion beam-transmission electron mi-
croscopy (FIB- TEM) after wet/dry cyclic corrosion test.

Experimental procedure
Preparation of specimens

The chemical composition of the CS specimens in mass%
was JIS-SM, 0.1C-0.3Si-0.7Mn—-0.01P-0.003S—0.03Al-
0.003N-0.0020-Fe. The specimen, with a surface area of
25 cm?, was polished with silicon carbide (SiC) papers up to
1,200 grit. After polishing, the sample surface was rinsed
with distilled water and acetone before coating.

Preparation of coatings

The epoxy resin used in this investigation was commercially
available fast drying type. The liquid epoxy resin was a
blend of multifunctional low molecular weight diluents
and the diglycedal ether of bis-phenol-A, whereas the curing
agent was based on the aliphatic amines. The weight ratio of
the epoxy resin to the curing agent was 2:1. The commer-
cially available Al nanoparticles of size ranging from 300 to
500 nm were used. The Al nanoparticles of 40 mass% were
added to the epoxy resin and were coated using draw-down
bar at constant speed and then kept at room temperature for
24 h. This led to the formation of uniform coating with
thickness of about 40 um. The epoxy coatings without Al
nanoparticles were also applied by the same procedure.

Electrochemical measurement

The EIS measurements were performed in a conventional
three-electrode cell, using a coated steel specimen as the
working electrode and a saturated calomel electrode (SCE)
as the reference electrode. A frequency response analyzer
(FRA) was used for EIS measurements using amplitude of
10 mV over a frequency range from 40 kHz to 1 mHz. The
specimen area of the steel was 25 cm” and other surfaces
were sealed. The EIS measurements were conducted after
wet/dry cyclic condition (12 h immersion in 0.1 M NaCl
solution and 12 h in dry condition) for 15 days. All the
measurements were carried out in open circuit potential
(OCP) at room temperature (25°C) in 0.1 M NaCl solution.
The EIS experimental data were analyzed using curve fit-
tings by Zsimdemo software.

Surface characterization
The surface state of the corrosion product on the coated steel

was observed by FE-SEM analysis. After cyclic corrosion
test, the coated steel was cast in resin. The resin was cured
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and the disc was cross-sectioned. The exposed cross-section
was then polished using emery paper, followed by diamond
paste. Carbon was then evaporated on the specimen in order
to compensate for charging effects. A cross section of the
rusted steel was examined using FE-SEM at an acceleration
voltage of 20 kV and irradiation current of 10 pA. The
concentration of Al and Fe in the rust was measured by
EDAX (energy dispersive X-ray) analysis.

TEM observation was performed with EDAX analysis.
The rust was cut from the inner rust by FIB (focused ion
beam). The line profile analysis was carried out in order to
identify the concentration of Fe and Al in the rust.

Results and discussion
EIS behavior of coated steel in cyclic corrosion test

Figures 1 and 2 show the EIS results for the steel coated by
epoxy without and with 40% Al nanoparticles, respectively,
after wet/dry corrosion test for 15 days. The EIS spectrum of
the coated steels shows the two capacitances and two resis-
tances. In the high-frequency region, EIS spectra are thought
to exhibit the coating behaviors, and in the low-frequency
region, the spectra corresponded to corrosion reaction occur-
ring on the metal under the coating [20]. Thus, the resistance
in the high-frequency region showed the resistance of the film
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Fig. 1 EIS results of steel coated by epoxy without 40% Al after wet/
dry cycles test in 0.1 M NaCl solution for different durations
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Fig. 2 EIS results of steel coated by epoxy with 40% Al after wet/dry
cycles test in 0.1 M NaCl solution for different durations

(Rp) of 1-15 k€ em?, while the resistance in the low-frequency
region showed the charge transfer resistance (R.) of 5.5—
70 kQ cm?. The EIS spectra suggest the presence of two
capacitances. As the capacitance at high frequency showed a
lower value of 107'°-107° F cm 2, it was thought to be the
film capacitance. As the capacitance at lower frequency
showed a higher value of 10°-10" F c¢m 2, which was
attributed to the double layer capacitance [21].

Figures 3 and 4 show the Nyquist plots for the steel coated
by epoxy without and with 40% Al nanoparticles, respective-
ly. Nyquist plots of coated steels were clearly showed the two
capacitive loops in the high-frequency and low-frequency
regions, attributed to the resistance and capacitance of the
coating and steel—electrolyte interface, respectively. These
EIS curves represented the electrochemical process with two
time constants, which were well separated.

In this study, all EIS data could be fitted using the equiv-
alent circuit model shown in Fig. 5. Thus, the corrosion of the
coated steel was estimated by the equivalent circuit compos-
ing the solution resistance (Ry)), film capacitance (Cy), double
layer capacitance (Cy), film resistance (Ry), and charge trans-
fer resistance (R.;). The CPE (constant phase element) was
used to replace the double layer capacitance (Cgj) because of
the deviation of Cy from its ideal capacitive behavior. The
CPE is defined by the following relation Z=Y,, ' (jw) ", where
Z is the impedance of the CPE, j is the imaginary number
(*=—1), w is the angular frequency (radians per second
(rad s ")), Y, and n are the frequency independent parameters.
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Fig. 3 Nyquist plot of steel coated by epoxy without 40% Al after wet/
dry cycles test in 0.1 M NaCl solution for different durations

The n value ranging from 0 to 1 depends on the surface
roughness. For the perfect surface, the value of n is 1 and
the impedance of CPE is that of pure capacitor [22]. The fitted
curves are in good agreement with the actual results.

Figure 6a shows the change in R with time obtained by
curve fitting. In the case of steel coated by epoxy without
nanoparticles, the R.; value was found to be 5.5 k€2 cm? after
15 days. However, R, of steel coated by epoxy with Al40%
nanoparticles exhibited a higher value of 20 k2 cm” and
become constant after 8 days. For instance, the R value at
the 15th day was approximately three times higher (around
17 kQ cm?®) than coated steel by epoxy without nanopar-
ticles. It was clearly observed that the steel coated by epoxy
with Al 40% nanoparticles showed significantly high resis-
tance compared to steel coated by epoxy without Al nano-
particles during the wet/dry cycles. This could be explained
based on the expression, R = p x [, where R is the resistance,
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Fig. 4 Nyquist plot of steel coated by epoxy with 40% Al after wet/dry
cycles test in 0.1 M NaCl solution for different durations
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Fig. 5 Equivalent circuit dia- Cr
gram for steel coated by epoxy
with and without 40% Al after
wet/dry cycles test in 0.1 M
NacCl solution for different

durations

R sol

R¢

Rcl

p is the specific resistivity (2 cm™ ") of the coated steel and
[ is the thickness (centimeter) of the coatings [23]. The
thickness of the epoxy coatings with and without Al nano-
particles were 40 pum, since the same draw-down rod were
used. It can be seen that the steel coated by epoxy with Al
nanoparticles had a higher resistance as a result of high

specific resistivity compared to epoxy without Al nanopar-
ticles. Hence, it was confirmed that the addition of Al nano-
particles increased the resistance of the coated steel.

Figure 6b shows the change in R with time obtained by
curve fitting. The Ry value is attributed with ionic transport
through the coating. The steel coated by epoxy without
nanoparticles exhibited a rapid decrease in Ry during the
exposure time, then, it remained constant at a low value
(around 1.4 kQ cm?) after 10 days of exposure. This result
indicated a rapid loss of the barrier properties of the film
[24]. The decrease of Ry during the first few days of expo-
sure was attributed to the penetration of the electrolyte
through the coating. However, for the epoxy coating with
Al nanoparticles, the Ry decreased slowly during the expo-
sure time, and then remained constant at a higher value of
3.1 kO cm? compared to pure epoxy-coated steel. The
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increase in value of Ry by the addition of Al nanoparticles in
epoxy exhibited the enhancement of barrier properties of the
coating.

The capacitance was represented by the following ex-
pression, C=¢ €, A/d, where £, is the permittivity in vacu-
um, ¢, is the relative permittivity of epoxy coating, A is the
area of the coated surface, and d is the thickness of the
epoxy coating [25]. In general, the relative dielectric con-
stant of an epoxy coating is at least one order of magnitude
lower than that of water, the permeation of water through the
coating induces an increase of the capacitance value due to
the increase of &, which can be accurately determined with
EIS measurements [26]. Figure 6¢ shows the change in
double layer capacitance (Cq) values with time by curve
fitting. The Cy values of steels coated by epoxy with and
without Al nanoparticles were found to be low initially, in
the order of 107> F cm 2, then increased gradually with
immersion time. This behavior could be attributed to water
absorption. After a long time, the Cy values for the epoxy
with Al nanoparticles showed a lower value compared to
that of epoxy without nanoparticles. In case of the steel
coated by epoxy without nanoparticles, it had many micro-
defects (pores) through which penetration of water and CI™
ions took place and reached the metal surface. This could
lead to the beginning of the corrosion process on the metal-
lic surface. However, the steel coated by epoxy with Al
40%, the microdefects were covered by corrosion product
with Al nanoparticles that suppress the penetration of Cl™
ions, which reduces the value of Cyg;.

Fig. 7 a SEM image with
EDAX results of coated steel by
epoxy without 40% Al and b
SEM image with EDAX results
of coated steel by epoxy with
40% Al after wet/dry cycles test
in 0.1 M NaCl solution

Figure 6d displays the change in film capacitance (Cy)
values with time by curve fitting. The value of Cy could be
used to determine the water uptake by the organic coatings.
An increase in the water uptake generally indicates loss of
the protective properties of the coating and it reduced the
adhesion/cohesion of the coating. The volume of fraction of
water uptake can be calculated from the following expres-
sion, percent water uptake=[100 log (C (£)/Ct (0)]/log 80
[27], where Cg () is the coating capacitance in time ¢, Cr (0)
is the coating capacitance at /=0 and 80 corresponds to the
dielectric constant of water. It is important to note that the
epoxy with Al nanoparticles exhibit lowest water uptake
which was found to be 9.3%, whereas the epoxy without
Al nanoparticles was found to be 28.4%. Hence, it was
concluded that the addition of Al nanoparticles prevent the
penetration of water through epoxy coating which in turn
reduce the corrosion under the metal/coating interface.

Figure 6e shows the change in values of n (heterogeneity
factor) with time by curve fitting. The value of » is attributed
to heterogeneity of metal surface due to corrosion process in
metal coating interface [28, 29]. In the case of steel coated by
epoxy without nanoparticles, the value of » was rapidly de-
creased during immersion time and found to be 0.61 after
15 days. However, the steel coated by epoxy with Al40%
nanoparticles exhibited a higher value of 0.96 during immer-
sion time and then remained constant at a higher value of 0.87
after 8 days. For instance, n value at the 15th day was signif-
icantly higher (around 0.87) than coated steel by epoxy with-
out nanoparticles. This behavior indicated that the corrosion
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process occurred during the initial exposure time, then formed
corrosion product with Al nanoparticles reduced the further
corrosion process in metal coating interface.

Surface characterization of coated steel after wet/dry test

In order to identify the corrosion preventing mechanism, the
surface of coated steel was analyzed after 15 days of wet/dry
cyclic corrosion test using SEM. Figure 7a shows the cross-
section of SEM and EDAX results for the steel coated by
epoxy without Al nanoparticles. The higher amount of Fe and

Fig. 8 a Bright field image and
b EDAX results by FIB-TEM
analysis for the rust on the steel
coated by epoxy with 40% Al
after wet/dry cycle test in 0.1 M
NaCl solution

Intensity (a.u.)
Al Ka

oxygen in the rust from EDAX analysis indicated that the
corrosion occurs strongly under metal/coating interface.
Figure 7b shows the cross-section of SEM and EDAX results
for steel coated by epoxy with Al nanoparticles. As Fe and Al
showed higher concentration, Al and Fe were enriched in the
rust. It is also clearly indicated that the Al nanoparticles added
sample showed enrichment of Al and Fe, whereas the sample
without Al nanoparticles exhibited more amount of rust with
high intensity of Oxygen and Fe. Moreover, Al was presumed
to form a complex oxide with iron [30] since complex oxides
containing Al were identified with Fe by EDAX. This result
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implies that the complex oxides were formed during the cyclic
corrosion test which could enhance the barrier penetration
properties of the epoxy coatings.

In order to investigate the nanostructure of the rust of
coated steel by epoxy with and without Al nanoparticles,
TEM analysis was carried out, and the micrographs depicted
the spot position analysis. The inner rust was cut by FIB
(focused ion beam). Figure 8 shows the TEM and EDAX
spot analysis results of rust of coated steel by epoxy with Al
nanoparticles. As Al is a light metal, it is shown as the white
color in the bright field image of the TEM [31]. Thus, it was
possible to select the rust containing Al and Fe by EDAX
analysis. Figure 8b shows the EDAX analysis around the
inner rust. It is observed that the spot 1 and 2 of the inner
rust showed a sharp peak for Al. However, spots 5 and 6
showed small peaks for Al and large peaks for Fe. In
addition, spots 8 and 10 also showed sharp peaks for Al
Thus, there were Al-rich and poor positions in the rust.
Figure 9 shows the TEM and EDAX spot analysis results
of rust in the coated steel by epoxy without Al nanoparticles.
It is observed that both spot 2 and 6 exhibits the sharp peaks
for Fe and Oxygen. In the case of rust with Al nanoparticles,
it showed lower amount of Fe and oxygen in all the spots
compared to that of rust without nanoparticles. This also
clearly indicates an enrichment of Al and also a decrease in
the mass percent of Fe in the white filled areas. Actually,
these white particles were nano-level size and made up the
layered structure that was enriched by oxides with Al and
Fe. In other words, nanoscale complex oxides containing Al
and Fe were formed in the rust of steel, and these oxide
layers increased the corrosion resistance of this steel.

Fig. 9 a Bright field image and
b EDAX results by FIB-TEM
analysis for the rust on the steel
coated by epoxy without 40%
Al after wet/dry cycle test in
0.1 M NaCl solution
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Corrosion mechanism of epoxy with Al nanoparticles
coated steel

The incorporation of Al nanoparticles into the epoxy coating
increased the R, and Ry after wet/dry test. The enhancement
of these values observed for steel coated with Al nanopar-
ticles could be explained by two possible mechanisms.

First, the presence of Al nanoparticles in coating matrix
reduce the possibility of electrolyte penetration that leads to
a decrease of effective area for charge transfer reaction of
anodic reaction on steel surface. It has been already reported
that the rust of carbon steel containing Al was a cation
permeability which prevents the penetration of CI™ ions
from the electrolyte [32], whereas the rust of carbon steel
without Al was an anion permeability which allowed the
passage of Cl ions leading to corrosion under metal/coating
interface. In addition, Al nanoparticles reduce the micro-
defects in the coating film by making the corrosion products
and covering the pores (microdefects) of the epoxy coating.
This behavior could impede the penetration path of chloride
ions, leading to improved barrier performance.

Another possible mechanism is that the formation of the
nanoscale complex oxides of Al and Fe suppress the anodic
reaction of steels. In the actual results, R, was dramatically
increased by the addition of Al nanoparticles. On other
hand, Ry was to some extent increased. Thus, the effect of
Al nanoparticles is considered significant in forming corro-
sion products and suppressing anodic reaction.

In both cases, the barrier effect of coating could be
increased. The detail mechanism is thought to be the fol-
lowing model. During the cyclic corrosion test, the
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corrosion reaction took place in a wet condition during
cyclic corrosion test and Al nanoparticles dissolved from
the epoxy-coated steel, which exists in wet surface in its
ionic form. In the beginning of the following dry cycles, a
thin wet surface still could exist. The top of the wet surface
thought to be rich in Al ions, then, because of the solubility,
started to make complex oxides with Fe in the dry process. It
was assumed that the oxides containing Al were fine and of
low solubility and that the oxides without Al were large and
of high solubility. In addition, it has been already reported
that the solubility of iron oxides tends to decrease with
increasing the Al addition [33, 34]. Thus, oxides containing
Al precipitated at the bottom of the wet surface, and oxides
without Al precipitated at the top of the wet surface. In the
dry process, these oxides made Al-rich and Al-poor regions
in the corrosion products. As a result, the Al-enriched layer
was formed in one dry process. During wet/dry test, these
layers were increasing and made large corrosion products.
This is a reasonable explanation because Fe and Al complex
oxide was formed in the rust as measured by FIB-TEM
analysis. Because of this, it was concluded that Al nano-
particles had a beneficial effect on corrosion resistance of
coated steel by making corrosion products in wet/dry cyclic
test.

Conclusions

Using EIS and FIB-TEM, the effect of Al nanoparticles on
the corrosion resistance of epoxy-coated steel has been
evaluated after wet/dry corrosion test. The following main
results were obtained. From EIS analysis, it was observed
that the Ry and R, of steel coated by epoxy with 40%
nanoparticle was higher than epoxy-coated steel in the
wet/dry corrosion test. This behavior showed that the addi-
tion of Al nanoparticle resulted in high corrosion resistance
in wet/dry test. FIB-TEM analysis confirmed that the nano-
complex oxides containing Al and Fe were enriched in the
rust of the coated steel. It can be concluded that Al nano-
particles had a beneficial effect on the enhancement of
corrosion resistance of coated steel in wet/dry cyclic test.
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