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nanocomposite coatings were evaluated by DSC and EIS instruments. It was
observed that the presence of the hydrophobic nano silica particles affected the
curing and cross linking density of the organic coatings and consequently
reduction in corrosion resistance of nanocomposite coatings. On the other hand,
hydrophilic nano composite coatings showed better corrosion resistance even

after 60 days immersion in 3.5% NacCl solution in comparison to pure epoxy
coating. Prog. Color Colorants Coat. 6(2013), 119-128. © Institute for Color
Science and Technology.

1. Introduction

Using organic coatings as corrosion protectors on the
metallic structures is a common way that is used widely
in the world [1-6]. For increasing the corrosion
protection efficiency of these coatings, they are mostly
reinforced by some pigments and extenders like Zn,
Fe,O; and mica [6, 7]. In recent years, polymer
nanocomposites have received significant attention by
emerging the nano technology. Nano particles can
improve the physical, mechanical and chemical
properties of organic coating because of their structure or
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surface energy in comparison to pure polymers. There
are several nano particles like nano silica, clay, ZnO,
Fe,O; and TiOythat are used in organic coatings for
improving the corrosion resistance [8-12].

Due to its structure, nano silica causes some unique
mechanical, thermal and chemical properties in
nanocomposites. There are some researches on the
corrosion  protection properties of silica based
nanocomposites [13, 14]. Lu [14] showed that surface
modification of silica can lead to better dispersion of
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particles and less agglomerates that causes better
corrosion resistance in composite.

In this study, hydrophilic and hydrophobic nanosilica
particles were dispersed into epoxy matrix by grinding
and milling. The effects of nanosilicas with different
surface characteristics in different amounts of loadings
were evaluated by electrochemical impedance
spectroscopy (EIS) during 60 days immersion in 3.5%
NaCl solution.

2. Experimental
2.1. Materials

Epoxy resin (EPIKOTE 828) and aromatic amine
hardener were purchased from Momentive Co
(EPIKURE  F205). Nanosize hydrophilic silica
(AEROSIL 200) and hydrophobic silica (AEROSIL R
972 V) were obtained from Degussa (Hanau, Germany)
with the specifications given in Table 1.

2.2. Sample preparation

Different amounts of nano particles (2.5, 5 and 7.5 wt%)
were gradually poured into the epoxy resin with stirring
for 2 hr with a high-shear mixer and then milling by 1
mm zirconium pearls for 30 min.

For preparing the coatings, steel panels were
degreased chemically by acetone and then polished
mechanically with 600, 800, and 1000 emery papers. The
stoichiometric amount of the hardener was added to the
epoxy resin-containing nanoparticles. The mixtures were
applied by a film applicator (ZEHNTNER 2000.1000
universal applicator) on steel panels with 30u wet

thickness.

After curing, the dry film thickness was about 25 pm.
For better evaluation, three panels were coated by each
coating composition.

2.3. Methods

The Tg of nanocomposite coatings with different
amounts of nano particles were measured by differential
scanning calorimetry (DSC) (DSC Pyris6, Perkin-Elmer).

Morphology of the nanocomposites was evaluated by
scanning electron microscopy (SEM).

Corrosion protection effects of nano composites were
investigated by electrochemical impedance spectroscopy
(EIS) in a three electrode system made by Ivium
Compactstat Company (Eindhoven, The Netherlands). A
saturated calomel electrode and graphite rod was used as
a reference electrode and auxiliary electrode,
respectively. About 1 cm® of the coated metals were
exposed to 3.5% NaCl electrolyte, and the rest was
covered with a 75/25 beeswax—colophony mixture. The
frequency range used was 100 kHz to 10 mHz, and the
perturbation was 10 mV.

3. Results and discussion

3.1. Morphology investigations by SEM

Figure 1 shows the SEM images of the epoxy/
hydrophilic silica and epoxy/silica 972 nanocomposities
with 7.5 wt% nano silica.

Tablel: Nanosilica specification.

Average particle size

Hydrophilic silica

3.7-4.7
Hydrophobic silica 3.6 - 4.4

hilic sili
e

12 nm
16 nm

= EHT= 1000k Wi

: e
Mag= 10.00KX

Signal A= SE1
Institute for Colorants , Paints & Coatings

Figure 1: SEM of epoxy/silica 7.5% nanocomposites with 10k magnification.
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Figure 1: Continued.

It can be seen that the epoxy/ hydrophilic silica shows
more aggregations, while epoxy/ hydrophobic silica
shows better dispersion of nano particles with less
aggregations.

Both of the samples are very homogeneous and free
from any localization of matrix and micro cracks.

3.2. Measuring the Tg of nanocomposites by
DSC

The glass transition temperatures (Tg) of epoxy/silica
nanocomposites can be measured by using DSC
instrument. Table 2 shows the DSC thermo gram curves.
It can be seen that by increasing the amount of
hydrophobic silica, Tg values reduces from 70 to 63 °C.
So adding the hydrophobic nano silica particles to the
epoxy matrix can affect the crosslink density of the
nanocomposite coatings and reduce it and prevent the
coating from complete curing. On the other hand, adding
hydrophilic nano particles to the epoxy matrix does not
have any remarkable effect on the Tg and consequently

crosslink density of the nanocomposite coatings. Since
the hydrophilic silica has more —OH groups on its
surface, the interaction of this nanoparticle with epoxy
macromolecular chains via hydrogen bonding between -
OH groups of silanol and ethylene oxide groups from
resin molecules can be occur.

3.3. Corrosion protection evaluation by EIS

The corrosion-protection properties of the epoxy-silica
nanocomposite films were evaluated by measuring the
coating resistance (Rpor) values and coating capacitance
during different times of immersion in a 3.5% NaCl
solution.

For obtaining the values of coating resistance and
capacitance, Bode and Nyquist diagrams were fitted by
the equivalent circuits, which are shown in Figure 2. In
these circuits, Rsol, Rpor, and Ccoat are the resistance of
the electrolyte, pore resistance and the capacitance of the
coating, respectively.

Table2: DSC results.

- Hydrophobic | Hydrophilic
silica silica

2.5% 63.44

5% 66.6
7.5% 63.72
blank 70.13

68.98
63.85
67.89
70.13
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The Nyquist and Bode plots of the samples during shown in Figures 3 and 4. The obtained parameters after
different immersion times in 3.5% NaCl solution are fitting the diagrams are listed in Tables 3,4,5 and 6.

Rpor
g
Rsol
4
cot
L
(a)
Cd
E I_'
Rpor
— =
Rsol Ret
—_|
Ceot
| |
|
(b)

Figure 2: Equivalent circuits used to simulate the results of the EIS tests.

Table 3: Fitted parameters of epoxy/ hydrophilic silica nanocomposites.

Immersion day

1 0.1495 54.98 0.1592 49.78 0.1829 20.50
30 0.1474 1.205E 0.1468 2.499 0.1782 5.034
60 0.1401 1.140 0.1707 1.642 0.1839 2.046

Table 4: Fitted parameters of epoxy/ hydrophobic silica nanocomposites.

Immersion day

1 0.1093 10.76 0.1762 5.470 0.2040 8.010
30 0.1531 0.1201 0.2000 0.004 0.1534 0.002
60 0.1391  0.05859  0.2133 0.007 = 0.008E-02

Table 5: Fitted parameters of blank epoxy coatings.

Immersion
day | C(nF) | R (Gohm) |

1 0.2227 1.346
30 0.1093 0.0693
60 0.1500 0.0250
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When a capacitor and a resistor are parallel in the
circuit, phase difference between current and voltage is
a criterion for current flow through either capacitor or
resistor. The coating is capacitive if the resistance
and/or capacitance are high, and the phase angle would
be near 900. The coating is resistive if the resistance

and/or capacitance are low, and the phase angle would
be near 0. According to the Table 6, hydrophilic
nanocomposites show capacitive behavior during
immersion time while hydrophobic nanocomposite is
more resistive.

—
e v o
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Figure 3: Bode plots of epoxy/silica nanocomposites during different immersion times: (O) blank, (A) 2.5, (o) 5, (¢) 7.5,
(a) 1day (b) 30 days and (c) 60 days immersion in hydrophobic silica; (a') 1day (b’) 30 days and (c') 60 days

immersion in hydrophilic silica.
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Figure 3: Continued.

Table 6: Absolute phase values at high frequencies.

Hydrophilic silica | Hydrophobic silica

2. 5% 5% 75% 25% 5% 7.5%
90 89 90 89
30 89 90 89 84 82 80 90
60 90 89 90 84 81 = 89
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It can be seen that by adding the hydrophilic nano hand,
silica to the epoxy coatings, the corrosion resistance of

the coatings (i.e. R values) increases. On the other

the decrement of corrosion
composite coatings.

the presence of hydrophobic nano particle causes
resistance of nano
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Figure 4: Nyquist plots of epoxy/silica nanocomposites during different immersion times (O) blank, (A) 2.5, (o) 5, (0) 7.5,
(a) 1day (b) 30 days and (c) 60 days immersion in hydrophilic silica; (a') 1day (b") 30 days and (c') 60 days

immersion in hydrophobic silica.
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Figure 4: Continued.

126 Prog. Color Colorants Coat. 6(2013), 119-128



Effects of Nano Silica on the Anticorrosive Properties of ......

Bode plots show that during different immersion
times, the decrement of log 1ZI values at low
frequencies that show the total resistance of coating
system in hydrophilic nanocomposites is less than that
of the epoxy and hydrophobic nanocomposite coatings.
It can be concluded that the hydrophilic nano particles
can make tortuous path for penetration of corrosive
ions of electrolyte, causing a delay in corrosion
process.

From Tables 3-6 it can be seen that the changes in
C values are negligible during the immersion time, so
the nanocomposites show resistive behavior.

4. Conclusions

According to the obtained results it can be seen that the
presence of hydrophilic nano silica can improve the
corrosion protection of epoxy nanocomposite in
comparison to epoxy coatings and epoxy/hydrophobic
silica nanocomposites. The hydrophilic nano silica
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