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ABSTRACT

Epoxy nanocomposites containing different contents of Nano-ZnO particles were prepared. The
nanocomposites were exposed to 3.5wt% NaCl solution up to 60 days. Mechanical properties of the
nanocomposites (before and after exposure to NaCl solution) were studied by dynamic mechanical ther-
mal analysis (DMTA) and nano-indentation techniques. Fourier transform infrared spectroscopy (FTIR)
was utilized to investigate hydrolytic degradation of coatings. Corrosion resistance of the composites
was studied by an electrochemical impedance spectroscopy (EIS). Results showed that blank sample was
severely deteriorated after exposure to corrosive electrolyte. Corrosion resistance of the epoxy coating
was significantly improved using nanoparticles. The cross-linking density and indentation hardness of
the blank sample were significantly decreased after exposure to corrosive electrolyte. Results showed
that nanoparticles could significantly improve coating resistance against hydrolytic degradation. Results
revealed that decrease in cross-linking density and indentation hardness of the epoxy coatings contain-
ing 3.5 and 5 wt% nanoparticles were not significant. Decrease in adhesion loss was also obtained using

nanoparticles.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Organic coatings have been widely used to protect metal bodies
from corrosion. It has been shown that organic coatings can sig-
nificantly improve corrosion resistance of the metal bodied [1-4].
Different parameters such as ionic resistance and cross-linking den-
sity of coatings can influence their barrier performance. Increase in
cross-linking density and ionic resistance may cause decrease in
rate of electrolyte permeation into the coating matrix. However,
decrease in cross-linking density and barrier properties of coat-
ings can be seen after exposure to corrosive electrolyte. Hydrolytic
degradation can occur during coating exposure to corrosive elec-
trolyte. Coating degradation can result in a decrease in coating
cross-linking density. Decrease in cross-linking density may also
lead to holes creation. Increase in number and size of holes can
be seen at long immersion times. Holes are conductive pathways
for electrolyte diffusion into the coating matrix. Oxygen and water
molecules can easily reach to coating/metal interface through
holes. Therefore, they can significantly reduce corrosion resistance
and increase adhesion loss of the coating [5-10].

Different methods have been utilized to evaluate coatings
degradation after exposure to corrosive electrolytes. It has been
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shown that FTIR and EIS are useful techniques to investigate
hydrolytic degradation of coatings [11-18,3,19-25]. Hydrolytic
degradation of coatings can be accurately studied by a FTIR tech-
nique. EIS is a non-destructive technique with high capability of
revealing the first signs of coating degradation (before creation
of any visual microscopic defects). Coating degradation can be
also studied by investigating electrolyte diffusion into the coating
matrix. Thermo-gravimetric analysis (TGA) [20,21], EIS and differ-
ential scanning calorimetry (DSC) have been extensively used to
evaluate electrolyte diffusion into the coating matrix [22]. It has
been shown that capacitance measurement is the most favorite
method of monitoring coating degradation. Mansfeld et al. [16]
used EIS to evaluate organic coatings degradation in exposure
to corrosive electrolytes. Oliveira and Ferreira [2] ranked organic
paints with respect to their tendency to degradation in 3% NaCl
solution. Szocinski et al. [23] used five-electrode system (with a
split micro-reference electrode) to investigate blister creation on
the organic paints which were exposed to corrosive electrolyte [23].

Attempts have been carried out to improve coating resistance
against hydrolytic degradation. Anticorrosive pigments i.e. chro-
mate, phosphate and micro sized metallic pigments have been
utilized to improve corrosion resistance of the organic paints
[26,27]. It has been shown that organic/inorganic pigments can
significantly improve corrosion resistance of the organic paints.
However, these pigments cannot improve coatings resistance
against hydrolytic degradation at long immersion times [9,28].
It has been shown that nanoparticles can significantly improve
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coating resistance against corrosion and hydrolytic degradation
[29-32]. Zhang et al. [28] showed that Nano-TiO, particles can
significantly improve corrosion resistance of the epoxy coating.
Dhoke and Khanna [29,30] revealed that nano sized ZnO parti-
cles can effectively improve corrosion resistance of the alkyd based
coatings. It has been shown that Nano-ZnO is a non-toxic nanopar-
ticle. Therefore, environmentally friendly coatings can be produced
using these nanoparticles.

In this study, it has been aimed to investigate the effects of ZnO
nanoparticles on the hydrolytic degradation and corrosion resis-
tance of an epoxy-polyamide coating.

2. Experimental
2.1. Sample preparation

ZnO nanoparticles were added to an epoxy/polyamide coating at different load-
ings. To this end, pre-dispersed ZnO nanoparticles (BYK-3842) were prepared from
BYK Co. The average size and solid content of the nanoparticles were 40 nm and 40%
respectively. Epoxy resin (Araldite G27 7071X75) with solid content, epoxy value
and density of 74-76%, 0.14-0.16 Eq/100g and 1.08 gcm~3 respectively was pre-
pared from Saman Co. Nanoparticles were added to epoxy resin at weight ratios of
2,3.5,5 and 6.5 wt%. Nanoparticles were then dispersed in epoxy resin using a high
shear mixer (2000 rpm). The mixing time was about 20 min. Stoichiometric values of
polyamide curing agent were added to the nanocomposites. BYK-306 (as a leveling
agent) and Efka-2025 (as defoaumer) were added to coatings in order to improve
their application properties.

Corrosion resistance of the nanocomposites was studied on St-37 type
steel sheets. The steel sheets (5cm x 10cm x 0.2 cm) were prepared from Foolad
Mobarakeh Co. The elemental composition of the steel samples was studied by an
energy dispersive spectroscopy (EDS) (Table 1).

Table 1
The elemental composition of the St-37 mild steel.

Weight (%) Elemental analysis of St-37 steel sheet

Al S P Mn Si C Fe
0.04 0. 0.05 0.32 0.34 0.19 99.01

The surface of steel sheets was carefully cleaned from mill scale and other
contaminations before paint application. The mill scale layer on the steel sheets
was completely removed using a magnetic polisher (2000 rpm). Samples were then
degreased using a commercial acetone solvent. Finally, samples were rinsed in dis-
tilled water and dried in an oven at 40°C.

Nanocomposites were applied over the cleaned St-37 sheets and glass plates by
a film applicator. Samples were then cured at 140°C for 30 min. The free films of
the nanocomposites were prepared from glass painted plates. The dry thickness of
dried coatings was about 50 + 5 pm.

2.2. Sample characterization

Epoxy nanocomposites were exposed to 3.5 wt% NaCl solution for 60 days. The
surface morphology of the nanocomposites (before and after exposure to corrosive
electrolyte) was studied by a Canon type digital camera and a Leica DMR optical
Microscope.

Mechanical properties of the nanocomposites (before and after exposure to cor-
rosive electrolyte) were studied by a Tritec 2000 DMTA. The test was carried out at
frequency, temperature and heating rate of 1Hz, —30°C to 160°C and 5°C min~!
respectively. The viscoelastic properties of the coatings were studied before and
after exposure to corrosive electrolyte. To this end, a Hysitron Triboscope type nano-
indenter (with tip morphology of Berkovich) was used. The test was carried out at
progressive force range of 0-250 mN during 60s. FTIR (Equinox-55) was used to
investigate hydrolytic degradation of the composites.

Fig. 1. Digital photograph (a) and optical micrograph (b) of the blank epoxy coating exposed to 3.5 wt% NaCl solution up to 60 days; (1) unaffected part (2) blister creation

(3) corrosion products creation.
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1:?5;%5 of cross-linking density (ve ), loss peak height and width, nano hardness (H) and indentation depth at maximum load (Dpmax ).
Sample Parameter
Ve (molcm—3) Loss peak width (°C) Loss peak height H (GPa) Dmax (nm)
Before exposure 0.0011 + 0.00005 11+ 0.5 1.10 £+ 0.03 0.18 £ 0.011 205 + 3.0
After exposure 0.0003 + 0.00002 16 £ 1.0 0.95 + 0.05 0.13 + 0.02 230 + 8.0

A2:3.5wt%

A4:6.5w1%

IRECHAR o

Fig. 2. Digital photographs (A1) to (A4) and optical micrographs (B1) to (B4) of the epoxy nanocomposites exposed to 3.5 wt% NaCl solution up to 60 days.

Corrosion resistance of the nanocomposites was studied by an AUTOLAB G1
type EIS. The perturbation and frequency range of measurements were +10 mV and
10kHz-10 mHz respectively. The electrochemical system was including platinum
electrode (auxiliary electrode), saturated Ag/AgCl electrode (reference electrode)
and metal sheet (working electrode). The experiment was carried out on 9cm?
area of each coating at different immersion times. The adhesion strength of the
coatings was determined by a Posi pull-off adhesion tester (DEFELSKO). The ele-
mental composition of the steel sample was studied by a MV2300 type scanning
electron microscope (SEM). All experiments were carried out on three replicas of
each sample. In this way, the reproducibility of measurements was studied.

3. Results and discussion
3.1. Nanoparticles dispersion evaluation

It is well known that nanoparticles dispersion can significantly
influence coating properties. Nano-ZnO particles dispersion in
epoxy coating matrix was studied by a UV-visible and an atomic
force microscope (AFM) in previous works [33,34]. It was shown

that nanoparticles (at 2 and 3.5 wt%) did not significantly change
the optical transparency of the epoxy coating at wavelength region
of visible light. It is well known that particles larger 100 nm can
reduce coating transparency at visible light wavelength region.
However, significant decrease in coating transparency was seen
at 6.5 wt%. The same results were observed in AFM micrographs.
These results all revealed that nanoparticles were appropriately
dispersed (particle size<100nm) in epoxy coating matrix at 2
and 3.5wt%. On the other hand, particles aggregation (particle
size > 100 nm) was observed at 6.5 wt%.

3.2. Coating appearance after exposure to corrosive electrolyte

Epoxy nanocomposites were exposed to NaCl solution (3.5 wt%)
up to 60 days. The optical micrographs of the blank epoxy coating
are shown in Fig. 1.
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The values of loss peak width and indentation depth at maximum load (Dmax)-
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Sample

Parameter

Loss peak width (°C)

Before exposure to
electrolyte

After exposure to
electrolyte

Dimax (nm)

Before exposure to
electrolyte

Before exposure to
electrolyte

2wt%
3.5wt%
5wt%
6.5wt%

12.30 £ 0.1
12.10 + 0.08
13.20 £ 0.12
12.80 +£ 0.2

18.70+0.25
16.10 £ 0.12
14.50+£0.30
19.10+0.16

199 +£3
220+ 3
222 +£5
203+ 6

225+ 6
224 +£2
224 +£2
222 +5

Table 4

The values of loss peak height and nano hardness (H).

Sample

Parameter

Loss peak height

Before exposure to
electrolyte

After exposure to
electrolyte

H (GPa)

Before exposure to
electrolyte

Before exposure to
electrolyte

3.5wt%
5wt%
6.5 wt%

1.09 £+ 0.05
1.40 + 0.12
1.17 + 0.09

1.12 £ 0.03
1.25 +0.10
1.15 + 0.04

0.16 + 0.02
0.14 £+ 0.01
0.17 £ 0.01

0.14 + 0.01
0.13 £ 0.02
0.15 + 0.01

Fig. 1 shows that blank epoxy coating was severely deteriorated
after 60 days immersion. Results can clearly show severe creation of
blisters and corrosion products on this sample. These observations
show that corrosive electrolyte severely diffused into the coat-
ing/metal interface. The severe hydrolytic degradation of the blank
epoxy coating can be seen from the lots of holes and defects which
were produced on the surface of this sample (Fig. 1-b). Increase in
size and number of holes can occur at long immersion times.

The visual performance and morphology of the nanocomposites
are shown in Fig. 2.

Asitcanbe seenin Fig. 2, the number of defects and blisters were
significantly reduced using nanoparticles. Moreover, lower corro-
sion products were produced in presence of nanoparticles. These
observations reveal that nanoparticles can significantly improve
coating resistance against hydrolytic degradation. The improve-
ment was more pronounced at 3.5 and 5 wt%. However, decrease
in corrosion resistance of the coating was observed at 6.5 wt%.
This may be attributed to the nanoparticles aggregation at 6.5 wt%
[33,34].

3.3. Investigation of the nano-ZnO/composite degradation

3.3.1. DMTA and nano-indentation measurements

Mechanical properties of the epoxy nanocomposites were
investigated before and after exposure to corrosive electrolyte.
Variations of tan A and storage modulus versus temperature of
the blank sample are shown in Fig. 3. Moreover, variations of force
versus displacement of this sample are also shown in Fig. 3. The val-
ues of cross-linking density (Ue), loss peak height, loss peak width,
hardness (H) and indentation depth (Dmax) of the blank sample
were calculated from DMTA and indentation curves (Table 2).

As it can be seen in Table 2, the mechanical properties of the
blank epoxy coating were significantly affected after exposure to
corrosive electrolyte. Results can show significant decrease in val-
ues of cross-linking density, loss peak width, loss peak depth and
nano-hardness of the blank sample. Moreover, increase in inden-
tation depth of the blank sample was observed after 60 days
immersion. These results show that corrosive electrolyte can sig-
nificantly influence the mechanical properties of the blank sample.
Decrease in cross-linking density and hardness of the coating can
be attributed to the significant hydrolytic degradation of this sam-
ple. Decrease in loss peak height and increase in indentation depth
of the blank sample can also reveal poor damping behavior and

(a) 1.000E+10+

—— After 60 days immersion
—— Before immersion
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Fig. 3. Variations of (a) storage modulus versus temperature, (b) tan A versus tem-

perature and (c) force versus displacement of the blank epoxy coating exposed to
3.5% NaCl solution.
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poor mechanical properties of coating after exposure to corrosive
electrolyte.

Variations of force versus displacement and storage mod-
ulus versus temperature of the nanocomposites are shown in
Figs. 4 and 5.

The values of cross-linking density (ve), loss peak height,
loss peak width, hardness (H) and indentation depth (Dmax) of
the nanocomposites were calculated from DMTA and indentation
curves (Tables 3 and 4).

As it can be seen in Fig. 6, the cross-linking density of the epoxy
coating was decreased using ZnO nanoparticles. Decrease in cross-
linking density was more pronounced at 5 wt%. It has been shown
that [33] ZnO nanoparticles can reduce curing degree of the epoxy
coating. It has been also found that nanoparticles can produce
strong physical interactions with coating matrix [33]. Decrease in
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Table 5

The variations of A [NH/NH, and OH]/[CH] (normalized with respect to -CH bond)
and A [etheric bonds] of the coatings exposed to 3.5wt% NaCl solution; A (the
hydroxyl or etheric frequency intensity after exposure - the hydroxyl or etheric
frequency intensity before exposure).

Sample Parameter

A [NH/NH; and OH]/CH] A [Etheric bonds]

(3400-3500cm") (1035cm™1)
Blank sample 6.77 + 0.65 -1.24 £ 0.20
2wt% 4.83 + 0.45 —0.92 + 0.18
3.5wt% 3.51 £0.12 —0.50 + 0.15
5wt% 3.00 + 0.25 —0.46 + 0.18
6.5 wt% 4.00 + 0.33 —0.56 + 0.12
1.6000
After 60 days immersion 2wt%
Before immersion
1.2000
0.8000
0.4000
0.0000 T T T =
-50.0 0.0 50.0 100.0 150.0 200.0
0
1.4000 — Temperature ( °C)
er ays immersion o,
1.2000 A Before immersion
1.0000 A
0.8000 -
0.6000 -
0.4000 -
0.2000 -
0.0000 T T T Rdadpt
-50.0 0.0 50.0 100.0 150.0 200.0
Temperature (°C)
1.4000 4 After 60 days immersion Swt%
1.2000 - Before immersion
1.0000 -
0.8000 -
0.6000 -
0.4000 -
0.2000 -
0.0000 T T T T T
-100.0 -50.0 0.0 50.0 100.0 150.0 200.0
Temperature (°C)
1.4000
After 60 days immersion 6.5Wt%
1.2000 1 Before immersion
1.0000 -
0.8000 -
0.6000 -
0.4000 -
0.2000 -
0.0000 T T T T T
-100.0 -50.0 0.0 50.0 100.0 150.0 200.0

Temperature (°C)

Fig. 4. Variations of storage modulus versus temperature and tan A versus temperature of the nanocomposites exposed to 3.5% NaCl solution.
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Fig. 5. Variations of force versus displacement of the nanocomposites exposed to
3.5% NaCl solution.

both cross-linking density and nano-hardness of the nanocompos-
ites were observed after 60 days immersion. However, decrease
in cross-linking density (and hardness) of the nanocomposites was
significantly lower than blank sample. Moreover, increase in inden-
tation depth of the blank epoxy coating was significantly higher
than nanocomposites. Results show that nanoparticles can signif-
icantly increase coating resistance against hydrolytic degradation.
Increase in coating resistance against hydrolytic degradation was
more pronounced at 3.5 and 5 wt%.

Cross-linking density (mol/cm?)

Fig. 6. The values of cross-linking density of the epoxy coatings containing different
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Fig. 7. FTIR spectrums of the blank epoxy coating exposed to 3.5 wt% NaCl solution.
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Fig. 8. FTIR spectrums of the epoxy nanocomposites exposed to 3.5 wt% NaCl solu-
tion.
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Fig. 9. Schematic illustration of the mechanism of hydrolytic degradation of an epoxy coating exposed to 3.5 wt% NaCl solution.

3.3.2. FTIR analysis

Hydrolytic degradation of the coatings exposed to corrosive
electrolyte was studied by a FTIR technique. FTIR spectrums of the
blank epoxy coating and nanocomposites are shown in Figs. 7 and 8.

Figs. 7 and 8 show a greater hydrolytic degradation of the
blank epoxy coating than nanocopmposites. This can be under-
stood from variations of hydroxyl (-OH) (3400-3500cm~!) and
etheric (-C-0-C-) (1035cm™1) bonds intensities [33,35]. Varia-
tions of A [NH/NH, and OH]/[CH] (normalized with respect to -CH
bond intensity) and A [etheric bonds] of the nanocomposites are
shown in Table 5.

It is well known that hydrolytic degradation of an epoxy coat-
ing can lead to an increase in vibration bond intensity of OH
(3400-3500cm~1) and a decrease in vibration bond intensity of
etheric bonds (1035cm~!). As it can be seen in Table 5, the
value of A [NH/NH, and OH]/[CH] was significantly reduced using
nanoparticles. Decrease in value of A [NH/NH, and OH]/[CH]
was more pronounced at 3.5 and 5wt%. The value of A [etheric
bonds] of the blank sample was more negative compared to

nanocopmosites. Variations of A [etheric bonds] of the compos-
ites reinforced with 3.5 and 5 wt% nanoparticles were significantly
lower than blank sample. Therefore, higher values of A [NH/NH,
and OH]/[CH] and A [etheric bonds] of the blank sample com-
pared to nanocomposites can reveal greater hydrolytic degradation
of this sample. These observations are completely in agreement
with the results shown in Tables 3 and 4. The mechanism of
hydrolytic degradation of an epoxy coating is schematically shown
in Fig. 9.

Fig. 9 shows that epoxy coating contains etheric linkages
(-C-0-C-). Etheric linkage is extremely sensitive to humid con-
dition. Therefore, etheric bonds cleavage can occur during coating
exposure to corrosive electrolyte. As it can be seen in Fig. 9, there
are areas on the surface of coating which have lower cross-linking
density than other parts. Coating degradation will be started from
areas which have lower cross-linking density. Coating degradation
can result in holes and defects creation on the surface of coating
[36,37]. Increase in size and number of holes are expectable at long
immersion times.
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According to the above explanations, although, the cross-linking
density of the nanocomposites was considerably lower than blank
sample, the rate of hydrolytic degradation of the blank sample was
higher than nanocomposites. These observations will be explained

later.
3.4. EIS measurements

Corrosion resistance of the epoxy nanocomposites were studied
by an EIS technique. The Nyquist and Bode plots of samples are
shown in Figs. 10-12.

Two time constant semicircle was observed for the blank sam-
ple which was exposed to corrosive electrolyte up to 15 days. This
means that corrosive electrolyte diffused into the coating/metal
interface at very short immersion time. Corrosion resistance of the
blank sample was evaluated using electrochemical model shown
in Fig. 10. Using this model, the values of Rs (solution resistance),
Rc (coating resistance), C4 (double layer capacitance), C. (coat-
ing capacitance) and R¢ (charge transfer resistance) of the blank
sample were calculated. Unlike blank sample, one time constant
semi-circle was observed for the coatings reinforced with 3.5, 5
and 6.5 wt% nanoparticles. This means that corrosive electrolyte did
not diffuse into the coating/metal interface of these samples. Using
electrical models shown in Figs. 11 and 12, the values of polar-
ization resistance Rp (Rt (charge transfer resistance)+R¢ (coating

resistance) of the samples were calculated.
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Fig. 11. Nyquest plots of the nanocomposites reinforced with (a) 2 wt%, (b) 3.5 wt%, (c) 5wt% and (d) 6.5 wt% nanoparticles exposed to 3.5 wt% NaCl solution.
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Table 6

The values of polarization resistance (Rp =R (charge transfer resistance)+R. (Coating resistance)) and impedance at lowest frequency (10 mHz) of the samples exposed to

3.5wt% NaCl solution at different immersion times.

Sample Parameter
Log (Z/Ohm cm?) at 10 mHz R, (GOhmcm?)
Immersion times (days) Immersion times (days)
2 15 30 60 2 15 30 60
Blank sample 8.222 7.661 7.54 6.782 0.18 0.024 0.015 0.00044
2wt% 8.293 8.198 7.99 7.635 0.25 0.071 0.038 0.0290
3.5wt% 9.664 9.380 9.3219.164 4.80 2.66 2.26 1.86
5wt% 9.663 9.332 9.269 9.10 4.76 2.02 1.20 1.07
6.5wt% 9.614 9.330 9.222 8.711 4.64 1.48 1.032 0.83
8 10 -
— ] @ (a)
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I . - — ~ -~
O 5 Nano-2wi%__ — £ Nano-6.5wt%
S ~
'g Nano-6.5wt% __ — © ~
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Fig. 13. The relationships between (a) A [NH/NH; and OH]/[CH] and Ave, and (b)
A [NH/NH; and OH]/[CH] and AH.

The values of polarization resistance (Rp (Rct+Rc)) and
impedance at lowest frequency (10 mHz) of different samples are
shown in Table 6. It is well known that impedance at lowest fre-
quency (in Bode plots) can show total effects of first and second
semi-circles in Nyquist plots on coating resistance against corro-
sion.

As it can be seen in Table 6, the Ry and impedance (10 mHz)
of the blank epoxy coating were significantly decreased after 15
days immersion. This can reveal significant electrolyte diffusion
into the coating matrix. Increase in Rp and impedance (at 10 mHz)
of the coating were obtained using nanoparticles. Increase in Ry
and impedance were more pronounced at 3.5 and 5wt%. Two
main reasons can be responsible for the higher corrosion resis-
tance of nanocomposites compared to blank sample. First, ZnO
nanoparticles could significantly increase the barrier properties
of coating. Second, nanoparticles can significantly improve coat-
ing resistance against hydrolytic degradation. Decrease in Rp and
impedance of coatings were observed at long immersion times.
However, decrease in corrosion resistance of blank sample was
higher than nanocomposites. Decrease in corrosion resistance was
observed at nanoparticle loading greater than 5 wt%. This can be

A [NH/NH2 and OHJ/[CH]

Fig. 14. The relationships between (a) impedance (at 10 mHz) and AH, and (b)
impedance (at 10 mHz) and A [NH/NH, and OH]/[CH].

attributed to decrease in barrier properties of coating due to parti-
cles aggregation [33].

According to the above explanations, nanoparticles can signifi-
cantly improve coating resistance against corrosion and hydrolytic
degradation.

The relationships between different parameters are shown in
Figs. 13 and 14.

Fig. 13 shows that the relationship between A [NH/NH, and
OH]/[CH] and AH is linear. Moreover, the relationship between A
[NH/NH; and OH]/[CH] and Ave is also linear. Results show that
increase in A [NH/NH, and OH]/[CH] caused decrease in Ave and
AH. These results show that coating degradation (increase in A
[NH/NH;, and OH]/[CH]) is responsible for decrease in hardness
and cross-linking density of the coating exposed to corrosive elec-
trolyte. Results can also show that increase in nanoparticles loading
can reduce Ave and AH by decreasing A [NH/NH, and OH]/[CH].

Fig. 14 shows that the relationship between impedance and
A [NH/NH, and OH]/[CH] is linear. A linear relationship between
impedance and AH can be also seen in Fig. 14. Fig. 14 shows
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that increase in A [NH/NH; and OH]/[CH] and AH led to decrease
in impedance. Nanoparticles can increase impedance by decreas-
ing A [NH/NH; and OH]/[CH] and AH. It seems that increase in
nanoparticles loading up to 5 wt% can cause decrease in hydrolytic
degradation (and therefore increase in corrosion resistance) of the
coating.

3.5. Adhesion measurements

The corrosive electrolyte diffusion into the coating/metal inter-
face may lead to a decrease in adhesion of coating to metal
substrate. It has been shown that the relationship between dry
adhesion and corrosion resistance of an organic coating is not nec-
essarily straightforward [5-8]. In addition, dry adhesion (compared
to wet adhesion) is not an appropriate parameter to predict anti-
corrosion properties of an organic coating [5,6]. The wet pull-off
adhesion strengths of the nanocomposites were measured after 60
days immersion (Fig. 15-a). The relationship between wet adhesion
and impedance is shown in Fig. 15-b.

Fig. 15-a shows that increase in nanoparticles loading led to
increase in wet pull-off adhesion strength. The lowest value of
adhesion strength was observed on the blank sample. Moreover,
increase in wet pull-off adhesion strength was more pronounced
at5wt%. Asit can be seen in Fig. 15-b, the relationship between wet
pull-off adhesion and impedance is linear. This means that increase
in impedance led to increase in wet adhesion strength. Results
show that nanoparticles can increase wet adhesion by decreasing
corrosion resistance of the coating. Nanoparticles can reduce elec-
trolyte diffusion into the coating/metal interface. It is well known
that when the electrolyte reaches to the coating/metal interface,
the hydrolysis of adhesion bonds (which attach coating to metal
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substrate) can be responsible for decrease in adhesion strength.
Corrosion products creation beneath coating can be also responsi-
ble for decrease in coating adhesion. These mean that nanoparticles
can reduce adhesion loss of coating by increasing coating resistance
against electrolyte diffusion.

4. Conclusions

The effects of nano sized ZnO particles on the corrosion resis-
tance and hydrolytic degradation of an epoxy coating were studied.
The results obtained in this study are listed below:

e Results showed that cross-linking density of the epoxy coating
was decreased in presence of nanoparticles. Nanoparticles can
also increase physical interactions between particles and coating
matrix.

e The cross-linking density and hardness of the blank sample was
significantly decreased after exposure to corrosive electrolyte.
The corrosion resistance of the blank sample was significantly
decreased at short immersion time.

e ZnO nanoparticlesincreased coating resistance against hydrolytic
degradation significantly. The cross-linking density and hardness
of coating were decreased after exposure to corrosive elec-
trolyte. Decrease in cross-linking density and hardness of the
nanocomposites were higher than blank sample. It was found
that nanoparticles can significantly increase corrosion resistance
of the epoxy coating. Increase in corrosion resistance was more
pronounced at 3.5 wt%.

Decrease in wet adhesion strength of the blank epoxy coating was

severer than nanocomposites. Nanoparticles can reduce adhesion

loss of the coating.
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