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Abstract The interfacial interactions between sur-
face-modified zinc oxide with oleic acid (OA-ZnO)
and polymer matrix have important effects on the
properties of nanocomposites. This zinc oxide
nanoparticle was synthesized and characterized by
various techniques such as field emission scanning
electron microscopy, X-ray diffraction, and Fourier
transform infrared spectroscopy. The water contact
angle of waterborne polyurethane (WPU) nanocom-
posites is found to be increased with the addition of
OA-ZnO compared with pure WPU. The corrosion
protection of the polyurethane nanocomposites coat-
ings on mild steel was assessed by potentiodynamic
polarization and electrochemical impedance spec-
troscopy techniques. Coating with OA-ZnO in the
WPU matrix showed the enhancement of resistance of
mild steel to corrosion. This can be related to the
surface modification by oleic acid which enhances the
dispersion of nano-ZnO and improves the corrosion
resistance of the WPU coating. Compared with
unmodified ZnO nanoparticles, there were noticeable
improvements in the hydrophobicity, corrosion protec-
tion, and uniform dispersion without agglomeration,
and also improvement in the antisettling behavior
when surface-modified ZnO nanoparticles with oleic
acid (OA-ZnO) were used.

Keywords Nanoparticles, Corrosion, Waterborne
polyurethane, Nano-ZnO

Introduction

Protecting metals from corrosion is being looked upon
as a process that needs frequent updates. Nanoparti-
cles have gained prominence in working against
corrosion—results of various research are proof of
their active involvement in improving the resistance of
metals to corrosion. Corrosion is an electrochemical
phenomenon, occurring at the metal–solution inter-
face, where the metal is oxidized and oxygen reduced
from the solution. The interactions of metals with
their corrosive environment through electrochemical
reactions lead to degradation and deterioration of
metals, causing huge loss of energy and economy
worldwide. To prevent this degradation, the surface of
metal should be protected.1–4 Steel is a common metal
used in different structures, due to its good physical
and mechanical properties, but its electrochemical
nature can easily corrode. There are three major
approaches used to protect metals from aggressive
environments: corrosion inhibitors, cathodic protec-
tion, and barrier protection. The barrier protection
method is mostly used in the paints and coating
industry to isolate the metal substrate from the
corrosive environment.5–9

Organic coatings are the best barrier protection
method, which protect metals against corrosive species.
The advantage of these coatings is that they contain
binders, conventional pigments, or fillers. The incor-
poration of such materials in the coatings could
improve many properties such as UV resistance,
corrosion resistance, mechanical properties (scratch
and abrasion resistance), etc. But these conventional
pigments at high dosages have a few disadvantages,
such as the loss of impact resistance, optical properties,
poor adhesion, reduced coating flexibility, inferior
abrasion and scratch resistance, early delamination,
and an increase in coating viscosity. To avoid these
problems, incorporation of nanosized pigments and
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fillers in the coatings is a modern approach leading to
improvement in the performance of the coatings even
at low concentrations. Furthermore, nanofillers have
better barrier properties in coatings than micron-sized
fillers.4–7

Numerous kinds of polymers have been used as
binders for barrier coatings to prevent metals from
corrosion. The recent environmental regulations and
acts have been imposed on paints and coatings indus-
tries to use ecofriendly metals in polymeric coatings to
avoid health hazards and toxicity problems.4,8,9 To
meet this requirement, the volatile organic compounds
(VOCs) in polymeric coatings have been reduced by
using modern coatings technologies such as vegetable
oil-based polymeric coatings, waterborne polymeric
coatings, UV curable coatings, and high solids coatings.
Among these coatings, polyurethane dispersion coat-
ing uses a unique waterborne polymer, a binary
colloidal system, which can be applied as a potential
alternative for solventborne coatings.

The advantages of waterborne polyurethanes
(WPUs) are ecofriendliness, low viscosity, easy clean-
ing, nontoxicity, and good applicability. However, they
have some drawbacks, such as weak water resistance
and weak thermal and mechanical properties in the
coatings. Improvements in mechanical, rheological,
anticorrosive, and light-resistance properties of WPU
matrices incorporated with nanometal oxides such as
TiO2, Fe2O3, ZnO, SiO2, Al2O3, CaCO3, and zirconia
have been studied for more than two decades.10–14

The property enhancement of barrier coatings is
strongly connected with the interfacial interactions
between the polymer and the dispersion degree of the
nanoparticles. There are many emerging applications
where it is necessary to disperse nanoparticles into a
polymer matrix.15–19 These dispersed particle systems
are mainly used to enhance or improve the properties
of the composite material, such as conductivity,
strength, energetics, corrosion resistance, optical prop-
erties, and so on. One of the main reasons for using
nanoparticles is their large surface-to-volume ratio
which increases the number of particle–matrix inter-
actions, thus increasing the effects on the overall
material properties. Proper dispersion of nanoparticles
into the polymer matrix can be achieved through either
chemical or electrochemical treatment where modify-
ing agents, such as silane, polyacrylicacid, polystyrene,
polymethylmethacrylate, long-chain fatty acids (stearic
acid, oleic acid, etc.), silane coupling agents, alkanoic
acids, etc., are employed to modify the surface of the
nanoparticles.20–29 Among these surface modifiers,
oleic acid has gained more attention recently, owing
to its hydrophobic nature. The nanoparticle surfaces of
SiO2, ZnO, Fe2O3, CaCO3, alumina, etc., coated with
oleic acid have been reported earlier.30–38 Although a
few references are available for WPU coatings involv-
ing nanoparticles of metal oxides coated with oleic
acid, anticorrosive behavior of a WPU coating with
oleic acid as a surface-modifying agent for ZnO has not
been reported so far.

In the present study, novel WPU nanocomposites
are prepared using a solution-blending technique,
where various dosages (0.1%, 0.2%, and 0.3%) of
OA-ZnO are incorporated into the WPU matrix. The
resultant nanocomposites are coated on mild steel
(MS) and studied for their resistance to corrosion using
potentiodynamic polarization and electrochemical im-
pedance spectroscopy (EIS).

Materials and methods

Raw materials

WPU dispersion (PU-687) was procured from Piccas-
sian Polymers and analar grades of oleic acid,
dichloromethane, zinc acetate, sodium hydroxide, and
methanol were from S. D. Fine Chemicals (Mumbai,
India).

Synthesis of nano-ZnO and surface-modified
nano-ZnO

Unmodified and modified nano-ZnO were synthesized
using a reported method with minor modifications as
explained below. A solution of zinc acetate (1.0 M)
was added dropwise into a solution of sodium hydrox-
ide (2 M) and mixed vigorously at a temperature of
about 55�C for 40 min. The resultant white precipitate
of ZnO was washed with deionized water and ethanol
and dried at 60�C. The dried particles were then
subjected to calcination at 400�C for 3 h.39

Preparation of surface-modified ZnO nanoparticles

Oleic acid (0.02 mmol) was added to a suspension
containing 5 mg of the prepared ZnO nanoparticles in
2 mL of dichloromethane. The mixture was then
stirred at room temperature for 1 h. The solid residue
obtained after solvent evaporation was collected and
washed with excess methanol and dried.36

Preparation of nanocomposite coatings

Experiments were conducted by dispersing various
dosages (0.1%, 0.2%, and 0.3% (w/w)) of the OA-ZnO
nanoparticles into a WPU matrix by solution-blending
method and ultrasonification. Bare MS (composition of
MS is 0.045% P, 0.3% Si, Cr, N, Cu, 0.3–0.65% Mn,
0.05% S, 0.14–0.28% C, and the remainder is Fe)
panels were dipped into the resulting nanocomposites
and dried at 75�C for 30 min. After maintaining for
72 h at room temperature, the panels were subjected to
electrochemical studies. Before coating, mild steel was
cleaned with acetone, ethanol, and double-distilled
water to make the surface free from dust particles, oils,
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and surface oxides. The thickness of the coating was in
the range of 15–20 lm. Synthesis of the nanocompos-
ites and the subsequent steps that followed (right from
dispersion of the nanocomposites into the polymer to
the corrosion resistance tests) were repeated thrice to
confirm the consistency of the obtained results.

Characterization methods

Surface structures of all samples were characterized
using a Model Y 40 (of Perkin-Elmer, USA) Fourier
transform-infrared (FTIR) spectroscope. Measure-
ments were carried out with pressed pellets made
from KBr powder. The FTIR spectrum was measured
between the wave number of 400 and 4000 cm�1. The
bare and the modified ZnO nanoparticles were charac-
terized using a Brucker D8 advance diffractometer.
The diffractometer involved monochromatic Cu Ka1
radiation (k = 1.5418 Å), with a voltage of 40 kV and a
current of 20 mA. Studies based on field emission
scanning electron microscopy (FE–SEM) and energy-
dispersive X-ray spectroscopy (EDAX) were carried
out using SU6600 from Hitachi Ltd. The freeze-frac-
tured surfaces of WPU/ZnO nanocomposites obtained
at liquid nitrogen temperature were examined, and all
the samples were coated with gold before observation.
High-resolution transmission electron microscopy
(HRTEM) images and selected area (electron) diffrac-
tion (SAED) patterns of ZnO were captured using FEI
Technai G2 (T-30) with an acceleration voltage of
250 kV. The samples for TEM analysis were prepared
by dropping dilute suspension of ZnO nanoparticles
onto copper grids. Coating thickness was measured
using an Elcometer-456 basic c/w for a coating thick-
ness gauge. The surface wettability of the nanocompos-
ite coating was investigated using a water contact angle
measurement instrument (Dataphysics OCA35, Data
Physics Instruments GmbH, Germany) with the sessile
drop method (5.0 lL).

Electrochemical impedance spectroscopy

EIS studies were carried out using a three-electrode
cell assembly and an electrochemical analyzer (BAS-
IM6) connected to a Thales 4.15 USB software system.
A platinum strip with an area of 5 cm2 served as a
counter electrode. A saturated calomel electrode was
used as the reference electrode, and the coated MS
substrate (area 1 cm2) served as a working electrode.
Studies related to resistance to corrosion were per-
formed at room temperature using a 3.5% aqueous
solution of NaCl. Then, 1 cm2 of the test panel was
immersed in the corrosion medium to obtain an open-
circuit potential before the start of evaluation. Im-
pedance measurements were recorded using a frequen-
cy response analyzer (FRA). The spectrum was
recorded in the frequency range of 50 mHz–100 kHz.
The applied alternating potential had the root-mean

square amplitude of 10 mV on the EOCP. After
recording all the measurements, the system was again
allowed to obtain an open-circuit potential. After
reaching a stable open-circuit potential, the polariza-
tion was carried out using a cathodic potential and an
anodic potential which were set at ±200 mV with
respect to the corrosion potential at a sweep rate of
1 mV/s. The corrosion potential (Ecorr) and the corro-
sion current density (icorr) were deduced from the Tafel
plot (log I vs E). The corrosion current was obtained
using the Stern–Geary equation:

icorr ¼ ½babc=f2:303ðba þ bcÞg�½1=Rp�; ð1Þ

where ba and bc are the Tafel slopes or the Tafel
constants, expressed in V/decade (V/dec), and Rp is the
polarization resistance expressed in kX cm2.

Results and discussion

Surface morphology of ZnO nanoparticles

HRTEM images of ZnO nanoparticles shown in
Figs. 1a and 1b clearly depict that the particles are
spherical in shape. The sizes of the prepared ZnO
nanoparticles fell in the range of 130–145 nm. The
morphology of OA-ZnO is similar to that of nano-ZnO
(Figs. 1c and 1d). It was confirmed that the long carbon
chains and anchoring groups of oleic acid could
prevent the aggregation of nanoparticles by spatial
steric effect. FE–SEM images also established a proof
for the homogeneously dispersed OA-ZnO in the
WPU nanocomposite coatings. SAED patterns of
nano-ZnO and OA-ZnO shown in Figs. 1a and 1d
are in line with the XRD patterns.

Microstructure analysis

The FESEM image of 0.3% OA-ZnO in WPU (Fig. 2
a) nanocomposites clearly indicates the formation of a
uniform coating without any defects. Incorporation of
OA-ZnO in the WPU matrix effectively sealed the
surface by its hydrophobic nature and uniform distri-
bution of nanoparticles in the dispersion. This surface
homogeneity has been achieved through good com-
patibility between the WPU matrix and the ZnO
nanoparticles’ surface. The surface of the WPU con-
taining 0.3% OA-ZnO after the corrosion resistance
test (represented as an FESEM image in Fig. 2b) was
found to be slightly rough and uneven. Smoothness of
the surface layer was affected, and in a few places, we
can observe the minute pits as a result of the corrosion
attack. The corrosive media trying to attack the
substrate by penetration that causes the damage,
however, are not predominant. Figures 2c and 2d show
the EDAX spectra of 0.3% OA-ZnO with WPU
nanocomposite before and after corrosion studies,
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which confirmed the presence of zinc and oxygen in the
polymer matrix.

XRD patterns

The XRD patterns of ZnO and OA-ZnO nanoparticles
are shown in Figs. 3a and 3b. The diffraction peaks
corresponding to the (100), (002), (101), (102), (110),
(103), and (112) planes are well indexed to the
hexagonal phase of ZnO (ICSD Ref. Code-01-076-
0704). Both diffractograms showed no changes in the
XRD patterns, and the full width at half maximum
confirmed that the crystalline structure and the size of
ZnO were not affected by surface modification.33

Fourier transform infrared (FTIR) spectra

Characterization of ZnO and OA-ZnO nanoparticles

FTIR spectra of nano-ZnO and OA-ZnO are shown in
Fig. 4. The peaks located at 2851, 2922, and 473.9 cm�1

represent the asymmetric and symmetric stretching
vibrations of the –CH2 group and Zn–O stretchings,

respectively. The stretching vibration of O=C–O� in
COO–Zn is represented by the peak at �1545 cm�1.
The above results confirm the presence of oleic acid on
the surface of ZnO.33,38

Characterization of OA-ZnO with WPU
nanocomposites

Figure 5(i) shows the FTIR spectra of the various
loading levels of OA-ZnO in the as-prepared pure
WPU dispersion (PU-687). In addition to all the peaks
of the polyurethane (Fig. 5(i) a), in the composite
(Figs. 5(i) b–5(i) d), a new peak corresponding to
473.9 cm�1 is observed, which is due to the stretching
of ZnO (expanded spectrum Fig. 5(ii)). These results
suggest that the ZnO is well incorporated into the
matrix of the WPU dispersion.27

Contact angle measurements

The contact angle of water on the WPU coating was
measured as 65.78� (Fig. 6). Films of the said WPU
incorporated with OA-ZnO were more hydrophobic,

Fig. 1: HRTEM images of ZnO nanoparticles (a) lower magnification (inset with SAED pattern), (b) higher magnification;
HRTEM images of OA-ZnO nanoparticles (c) lower magnification, (d) higher magnification (inset with SAED pattern)
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which is evident from the increase in the contact angle
from 65.78� to 75.87�. The increase in hydrophobicity
revealed that the coating is nowmore resistant to water,
whereby the metal surface is prevented from corrosion.

Nanoparticle polymer dispersion

The dispersion of ZnO nanoparticles in the WPU
matrix is the key issue in the preparation of WPU/
ZnO nanocomposites. Surface active groups in OA
could react with ZnO, which decreases its surface
energy, and as a result, OA can break up the aggrega-
tion, and enhance the dispersion of ZnO in WPU. This
surface modification provides nanoparticles free from
aggregation due to steric repulsive forces among parti-
cles. Moreover, the presence of long alkyl chain and
unsaturated bonds in OA on the surface of ZnO
provides significant hydrophobicity to the nanoparti-
cles, and this is reflected in theWPU composite coatings
(confirmed by contact angle). The WPU dispersion
involving OA-ZnO was not settling down (due to
homogeneous dispersion) up to a period of 6 months,
whereas unmodified nano-ZnO settled down at the
bottom within 10 min after ultrasonication (Fig. 7).23,37

Therefore, the homogeneous dispersion of ZnO
nanoparticles in WPU is confirmed to be significantly
enhanced in the presence of OA. The mechanism for
surface modification of ZnO is as follows:

ZnOðOHÞxþ yCH3ðCH2Þ7CH ¼ CHðCH2Þ7COOH

! ZnOðOHÞx� y½OOCðCH2Þ7CH
¼ CHðCH2Þ7CH3�yþ ðH2OÞy: ð2Þ

Lipophilic degree of OA-ZnO

The lipophilic degree of prepared ZnO nanoparticles
modified by oleic acid were measured by the following
method,33 dispersing 0.5 g of the surface-modified
nano-ZnO into 50 mL of water. The unmodified
nano-ZnO settled down immediately, while the nano-
ZnO coated with oleic acid floated on the water surface.
When methanol was added dropwise into the solution
slowly under continuous stirring, where the methanol
wet the surface of modified ZnO nanoparticles and they
precipitated gradually. The volume of methanol used
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was noted and the lipophilic degree calculated using
the following equation (3). The calculated lipophilic
degree of surface-modified ZnO was 36%,

LD ¼ fV=ðV þ 50Þg � 100%; ð3Þ

where V is the volume of methanol.
This indicates that the ZnO nanoparticles changed

from polarity to nonpolarity after the surface modifi-
cation by OA.

Electrochemical corrosion studies

Potentiodynamic polarization measurements

The potentiodynamic polarization curves of bare MS
and coated MS are shown in Fig. 8. Table 1 summa-
rizes the results determined from the electrochemical
curves. The Tafel extrapolation method provides cor-
rosion potential and corrosion current by accurate
evaluation from anodic and cathodic Tafel slopes.
Corrosion potential (Ecorr) values of bare MS and MS
coated with WPU containing 0.3% OA-ZnO are
�0.778 V vs SCE and �0.678 V vs SCE, respectively.
This shift toward the positive region confirmed the
coated mild steel’s increased resistance to corrosion.
Also, the decrease in corrosion current density (Icorr)
from 28.4 to 2.24 lA/cm2 and the increase in polariza-
tion resistance (Rp) from 0.758 to 13.739 kX cm2

further confirm the enhanced resistance of the coated
MS. The shifts in the curves of the Tafel slopes are
attributed to various dosages of WPU nanocomposites
forming a passive layer coated on the MS surface. This
retards both the anodic dissolution of iron and the
cathodic hydrogen evolution reaction of the corrosive
medium. The coatings inhibit the corrosion that can be

20 30 40 50 60 70

2θ (°)

2θ (°)
20 30 40 50 60 70

In
te

n
si

ty
 (

cp
s)

In
te

n
si

ty
 (

cp
s)

(1
00

)
(1

00
)

(1
01

)
(1

01
)

(0
02

)
(0

02
)

(1
02

)
(1

02
)

(1
10

)
(1

10
)

(1
03

)

(1
12

)
(2

00
)

(2
01

)

(1
03

)

(1
12

)
(2

00
)

(2
01

)

ZnO

OA-ZnO

(a)

(b)

Fig. 3: XRD patterns of (a) nano-ZnO and (b) OA-ZnO

4000 3500 3000 2500 2000 1500 1000 500

1545

473.9

Wavenumber (cm–1)

2851

2922

Nano ZnO

OA-ZnO

Tr
an

sm
itt

an
ce

 (
a.

u.
)

Fig. 4: FTIR spectra of nano-ZnO and OA-ZnO

4000 3500 3000 2500 2000 1500 1000 500

1400 1200 1000 800 600 400

473.9

Wavenumber (cm–1)

%
T

%
T

a

d

ad

b
c

2(i)

2(ii)

Fig. 5: (i) FTIR spectra of (a) WPU, (b) 0.1% of OA-ZnO/
WPU nanocomposite, (c) 0.2% of OA-ZnO/WPU nanocom-
posite, and (d) 0.3% of OA-ZnO/WPU nanocomposite. (ii)
Expanded FTIR spectra of (a) WPU and (d) 0.3% of OA-ZnO/
WPU nanocomposites

J. Coat. Technol. Res., 12 (4) 657–667, 2015

662



understood through its inhibition efficiency (IE) that is
calculated using the formulae given below:

%IE ¼ fðIcorrð0Þ � IcorrðiÞÞ=Icorrð0Þg � 100; ð4Þ

%IE ¼ fðRctðiÞ � Rctð0ÞÞ=RctðiÞg � 100; ð5Þ

where Icorr(0) is the corrosion current density of bare
MS, and Icorr(i) is the corrosion current density of the
WPU nanocomposite-coated MS. Rct(0) is the charge
transfer resistance of bare MS, and Rct(i) is the charge

transfer resistance of WPU nanocomposite-coated MS.
The calculated %IE values are shown in Tables 1 and
2. Also, the other parameters measured from the
values from Tafel curves of the prepared coatings were
porosity and corrosion rate.

Both are calculated using the following relationship:

%P ¼ ðRpol=R
�
polÞ ð10�ðDEcorr=baÞÞ � 100 ð6Þ

MS/WPU

CA = 65.78 CA = 74.49

WPU/0.1% OA-ZnO

WPU/0.3% OA-ZnOWPU/0.2% OA-ZnO

CA = 75.87CA = 75.52

(a) (b)

(c) (d)

Fig. 6: Contact angles of (a) MS/WPU, (b) WPU/0.1% of OA-ZnO nanocomposite, (c) WPU/0.2% of OA-ZnO nanocomposite,
and (d) WPU/0.3% of OA-ZnO nanocomposite

Fig. 7: Stability of dispersions of (a) WPU without nanopar-
ticle, (b) WPU with 0.1% of ZnO nanoparticle, (c) WPU with
0.1% of OA-ZnO nanoparticle, (d) WPU with 0.2% of OA-ZnO
nanoparticle, and (e) WPU with 0.3% of OA-ZnO nanopar-
ticle
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Fig. 8: Potentiodynamic polarization curves of (a) bare MS,
(b) MS coated with WPU, (c) MS coated with 0.1% of
OA-ZnO WPU nanocomposite, (d) MS coated with 0.2% of
OA-ZnO WPU nanocomposite, and (e) MS coated with 0.3%
of OA-ZnO WPU nanocomposite
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where P is the total porosity, Rpol and Rpol
* are the

polarization resistances of bare and coated mild steel,
DEcorr is the corrosion potentials differences of bare
and coated mild steels, and ba is the anodic Tafel slope
for bare mild steel.

Corrosion rate ðCR) ¼ K1 � ðIcorr=qÞ � EW, ð7Þ

where K1 = 3.27 9 10�3 (mm g/lA cm year),
Icorr = corrosion current density, q = density in g/cm3,
EW is the equivalent weight for mild steel (EW is
dimensionless in this calculation), and CR is given in
mm/year. The equivalent weight of the MS is estimated
to be 28.25.

The porosity values of the coatings determine their
ability to protect the substrate against corrosion. The
calculated porosity values for coatings are given in
Table 1. The porosity values of the WPU nanocom-
posites decrease in the following order: MS/WPU >
MS/WPU/0.1% OA-ZnO > MS/WPU/0.2% OA-ZnO >
MS/WPU/0.3% OA-ZnO (while the increase in the
dosages of nano-ZnO by this blending method was not
able to allow dispersing the particles without disturbing
the polymer matrix during the short time of sonication).
So the 0.3% OA-ZnO/WPU nanocomposite coating on
MS was found to be a compact coating, with porosity
values almost 63, 12, and 6 times lower than those in MS/
WPU, MS/WPU/0.1% OA-ZnO, MS/WPU/0.2% OA-
ZnO. Moreover, corrosion rates of MS/WPU/0.3% OA-
ZnO almost 13 times lower than the calculated values of
the bare MS are given in Table 1. The above results
confirmed that, as the dosage of OA-ZnO increases, the

hydrophobicity of the coating increases, which disallows
water penetration into the substrate, thereby increasing
the resistance to corrosion.

Impedance measurements

The effect of NaCl solution (3.5% in water) on the
bare MS and MS coated with WPU nanocomposite was
studied by EIS at room temperature after 1 h of
immersion; the difference in corrosion resistances was
understood from Nyquist curves shown in Fig. 9, and
their equivalent circuits are represented as R(QR) and
R(Q[R(QR)]) in Fig. 10. The proposed equivalent
circuit for a mild-steel substrate is shown in Fig. 10a,
which is the equivalent circuit model for a simple
corrosion system. This system is completely charge
transfer controlled. Polarity and the amount of charge
at the substrate/electrolyte interface were provided by
double-layer capacitance. This circuit shows a working
electrode (WE), solution resistance (Rs), charge trans-
fer resistance (Rct), and double-layer capacitance (Qdl).
Here the double-layer capacitance represents the
substrate/electrolyte interface, and Q stands for con-
stant phase element (CPE) for better quality fit to the
proposed system. This equation is written as

YðxÞ ¼ Y0ðjxÞn ð8Þ

where Y0 is used in the nonlinear least squares fitting,
and n is the CPE exponent which always lies in

Table 2: Impedance data obtained by equivalent circuits of MS and MS coated with different WPU nanocomposite
coatings studied in the present work

Sample Rs (X cm2) Qcoat � yo

(lF/cm2)
nc Rpore

(X cm2)
Qdl – yo

(lF/cm2)
ndl Rct

(X cm2)
Rct IE%

MS 8.59 – – – 364.4 0.87 196.82 –
MS/WPU 9.95 426.02 0.78 137.26 236.08 0.85 491.07 59.92
MS/WPU/0.1% OA-ZnO 12.83 310.01 0.75 165.91 162.4 0.78 650.43 69.74
MS/WPU/0.2% OA-ZnO 18.43 238.63 0.72 198.73 121.01 0.77 1482 86.71
MS/WPU/0.3% OA-ZnO 26.87 119.52 0.69 347.01 71.5 0.72 3056 93.55

MS mild steel, WPU waterborne polyurethane, OA-ZnO nano-ZnO surface modified with oleic acid

Table 1: Potentiodynamic polarization data of MS and MS coated with different WPU nanocomposites in 3.5% NaCl
solution

Sample Icorr (lA/cm2) Ecorr (V) ba (V/dec) bc (V/dec) Rp (kX cm2) Icorr %IE P % CR (mm/year)

MS 28.40 �0.778 0.056 �0.435 0.75 – 0.33
MS/WPU 10.50 �0.739 0.076 �0.486 2.72 63.02 5.58 0.12
MS/WPU/0.1% OA-ZnO 9.76 �0.698 0.068 �0.304 2.47 65.63 1.13 0.11
MS/WPU/0.2% OA-ZnO 6.01 �0.692 0.060 �0.282 3.57 78.83 0.61 0.07
MS/WPU/0.3% OA-ZnO 2.24 �0.678 0.078 �0.776 13.74 92.11 0.08 0.02

MS mild steel, WPU waterborne polyurethane, OA-ZnO nano-ZnO surface modified with oleic acid

J. Coat. Technol. Res., 12 (4) 657–667, 2015

664



between 0 and 1. Both are adjustable parameters. CPE
can be considered as a real capacitance when n = 1 and
real resistance when n = 0, and x is the angular
frequency (in rad s�1).

The circuit description code (CDC) for the equiva-
lent circuit for the mild steel substrate is R (QR). The
equivalent circuit for WPU nanocomposites coated on
MS substrate is shown in Fig. 10b. Coated substrate
was introduced into the electrolyte solution where the
defect in the coating provide the direct diffusion path
for the corrosive media. Thus, localized corrosion
dominates in the corrosion process. This coated sub-
strate can be divided into two sub-interfaces: elec-
trolyte/coating and electrolyte/substrate. This circuit
consists of the equivalent circuits Rpore and Qcoat,
which are related to electrolyte/coating interface reac-
tions. Rct and Qdl are related to the charge-transfer
reactions at the electrolyte/substrate interface. The
CDC of the proposed equivalent circuit for the coated
sample is R(Q[R(QR)]).

The increase in charge-transfer resistance (Rct) from
196.82 to 3056 X cm2 (Table 2) further explains that

the MS coated with WPU nanocomposites are corro-
sion resistant. Corrosion resistance was found to
increase with the increasing dosage of OA-ZnO. The
above result implies that the WPU nanocomposite
coatings are more inert toward the electrochemical
corrosion. This is due to more crosslinked structures of
WPU with the increasing OA-ZnO content, which
prevent the penetration of corrosive species by acting
as a strong physical barrier. This was also explained by
contact angle values; increasing the dosage of OA-ZnO
in the coating, which increases the hydrophobicity of
the coating, also reduces the diffuse pathways of
corrosive species into the coating and increases the
corrosion resistance of the WPU nanocomposite
coatings.

Mechanism of WPU nanocomposite coatings

According to the electrochemical theory, corrosion can
be defined as degradation of a material due to one
anodic (oxidation of metals) and one cathodic (reduc-
tion of dissolved oxygen) reaction. The mechanism of
galvanic interactions on the metal surfaces is the same
as that in neutral environmental conditions. The metal
ions release electrons from their surfaces and they get
dissolved as ions in solution. The ions flow through the
metal by means of the electrolyte and get reduced at
cathode.
Oxidation of metal at anode

Fe ! Fe2þ þ 2e� ð9Þ

2Fe2þ ! 2Fe3þ þ 2e� ð10Þ

Reduction of oxygen at cathode

O2 þ 2H2Oþ 4e� ! 4OH�: ð11Þ

The strong interaction of hydrophobically modified
nano-ZnO in the WPU are dispersed uniformly
throughout the coatings, and this could be attributed
to the fact that the greater surface activity of nanopar-
ticles absorbs more resin on its surface, which enhances
the density of the coating, thereby preventing
corrosion. ZnO acts as a barrier filler to seal pores in
the coatings and improve the barrier protection.
So the following reaction can be retarded

2Fe2þðaqÞ þO2ðgÞ þ 2H2O ! 2FeOOHþ 2Hþ: ð12Þ

Herein, we have concluded that the protection
mechanism (Scheme 1) is based on two pathways: In
the presence of ZnO nanoparticles, Zn is converted
into Zn2+ acting as a cation ion, and it can easily
passivate the substrate. Even small percentages of
these cations are able to inhibit the corrosion of the
substrate. This mechanism is attributed to block the
free iron surface for the cathodic complementary
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hydrogen evolution reaction and increase the resis-
tance to corrosion. There is another way to explain this
mechanism: filling the pores of the coating by surface-
modified nano-ZnO would prevent the mobility of
corrosive species to the substrate. This can act as
barrier protection filler.14,40 Among the investigated
coatings, the Qcoat and Qdl values decreased and Rs

and Rct values increased in the one with 0.3% OA-
ZnO composite compared with the (bare) mild steel
substrate, indicating that the increasing concentration
of OA-ZnO into the waterborne dispersion could
improve the resistance to corrosion.

Conclusion

The present work describes the role of surface-
modified nanoparticles in improving the corrosion
resistance of MS. The results of the study revealed
that the surface-modified nano-ZnO was more stable
than the unmodified ZnO in the dispersion. The
modified ZnO nanoparticles are dispersed uniformly
throughout the WPU coating, to prevent the mobility
of corrosive species to the substrate, thereby prevent-
ing corrosion. Potentiodynamic polarization and EIS
measurements confirmed that MS coated with WPU
containing 0.3% OA-ZnO nanocomposite showed
improved resistance to corrosion. In the future, more
studies are needed to enhance the protection efficien-
cies of the nanoparticles and their interfacial interac-
tions with polymer matrix, by simpler blending method
with facile processing ability, and to minimize the time

and cost of engineering in the coatings industry by
improving the surface characteristics of the polymer,
like hydrophobicity and barrier protection efficiency
with incorporation of lower dosage of the surface-
modified nanoparticles.
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