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Evaluation of polyurethane and polyurethane /polyvinyl chloride blend
coatings on steel as corrosion protection using EIS technique
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Abstract Keywords
This paper was aimed to evaluate the polyurethane (PU) and Corrosion protection
polyurethane/polyvinyl chloride (90 wt. % / 10 wt. %) as organic Organic coating.
coating of carbon steel substrate against marine environment (3.5
wt.% NaCl aqueous solution) as a severe corrosion environment .
The electrochemical impedance spectroscopy (EIS) and fitting
impedance data by ZsimpWin 3.22 software were used to estimate
the physical barrier of the samples for different exposure times.
Different equivalent electrical circuits were proposed for the
physical barrier at different immersion times to get appropriate
fitting .Both PU and PU/PVC coatings showed excellent corrosion = article info
protection ability for steel .The PU/PVC coating showed better Received: Aug.
protection and stability than PU coating against aggressive salt Accepted: Fab.
solution. The relation between dielectric properties (impedance " UPlished: Dec.
spectrum) of coating film with their behavior as physical barrier
protection gave useful information about electrochemical process
and predicts the barrier protective behavior in natural
environment.
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Introduction among them ,the polymer coatings may be

Corrosion of the metals is one of the the most widely used technique [2] .
most serious problems throughout the Modern organic coatings are complex
world[1] .Several techniques have been materials which must be observed and
used to protect metals from corrosion, interpreted from the viewpoint of what has
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become known as materials science [ 3].
the protectiveness of organic coatings
controlling corrosion processes by the
barrier effect is dominated by the absence
of any defect (pores, scratches , etc )
passing through the coating and reaching
the substrate  which can cause the
initiation of corrosion[4],[5]. Where
organic coating are effectively used for the
protection of metals owing partly to their
capacity to act as a physical barrier

between the metal surface and the
corrosive environment in which they
perform their function[6].

Beginning in the 1970s, research

electrochemists and materials scientists
began to discover the power of
Electrochemical Impedance Spectroscopy
(EIS) as a tool for studying difficult and
complicated systems [7]. The physical
barrier  has been  evaluated by
electrochemical impedance spectroscopy
(EIS) which have many advantages in
comparison with the other electrochemical
technique [8]. During (EIS) experiments, a
small amplitude AC signal is applied to the
system being studied with different
frequencies. By analysis of these responses
in the frequency domain, different
corrosion processes may be deduced and
studied .An equivalent electrical circuit for
a corrosion system is often used in the
analysis of EIS measurements [9].

Theory of EIS

EIS data is commonly analyzed by
fitting it to an equivalent electrical circuit
model [ 10].The Randle cell is a simple yet
useful combination of a capacitor and two
resistors figure (1) this electrical circuit
can be used to represent a coating or
corroding metal, although the values and
meaning of the components are
different[7]. Randle cell can't recover all
the physical and chemical processes occur
during the corrosion process
(electrochemical process).
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Figure(1): The Randles cell equivalent
circuit.
Therefore we need to use more
complicated equivalent circuit gives

appropriate fitting with experimental . A
change of elements values and/or the
shape of equivalent circuit during test
process will be indicated to what happened
in sample under study and evaluation the
organic coating In Figure (2) the
equivalent circuit is overlaid on schematic
of a coated metal substrate [11].
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Figure ;( 2); Equivalent circuit of an organic
coating on a metal substrate overlaid on a
schematic of a painted metal surface.

A typical impedance spectrum for a
corroding metal under change transfer
control is shown in figure (3, 4).
Presentation of impedance data is often
done by use of three different graphs the
Nyquist plot shown in figure(3),plots the
real(Z;) and imaginary component (Zjy,) of
the impedance on x and y axis respectively
. For Nyquist plot, shown corrosion data it
can be assumed that the frequency
decrease from left to right but the graph
doesn't display the frequency for data
collected, hence the same data is often also
displayed using Bode plot show the
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relation between the frequency (f) with
phase angle (0) and the equivalent
impedance (z) as shown in Figure(4)[12].
As the coating degrades, the real part of
the impedance decreases as a result of the
formation of conductive paths due to the
penetration of corrosive species as well as
water uptake [13]
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We can take in detail the elements of
equivalent circuit.

a. Solution Resistance (Rsol):

Solution Resistance is the resistance of the
electrolyte between the working electrode
and reference electrode. For studies of
organic coatings, the electrolyte is very
conductive, so Rsol is usually very low
and can be ignored.

b. Coating Capacitance (Cc):

The capacitance of the organic coating is
an important parameter to measure during
coating failure. Because most coatings are
relatively thick, the coating capacitance
tends to be rather low—in the range of 1
nF/cm?  The physical and chemical
properties of the coating that

affect the capacitance are:

Ccoating = (€) (e0)(A)/t ......... (4

where € is the dielectric constant of the
coating, ¢, is 8.85 x 10-14 Flcm?, A is the
area (cm?), and t is the thickness (cm)[12].
Constant phase element (CPE)or(Q)
instead of a capacitor was used to model

a3
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the coating-metal interface in this study. A
CPE has been described as an imperfect
capacitor. The capacitor is related to the
magnitude of the impedance (|Zcpe|) by
equation 5:

Zcpe = (Y0 (. ©) e (5)

Y, is a constant, j = (-1)”, o= 2af, and n is
a constant between 0 and 1. If Z =1, Yy is
the capacitance. Use of a constant phase
element generally gives a better fit with a
model. When the system shows behavior
that has been attributed to surface
heterogeneity or to  continuously
distributed time constants for charge-
transfer reactions [14].
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Figure(4);Bode plot for a simple
electrochemical system[11]

c. Warburg Diffusion(W):

Diffusion can create impedance known as
the Warburg impedance. This impedance
depends on the frequency of the potential
perturbation. At high frequencies the
Warburg impedance is small since
diffusing reactants don't have to move very
far. At low frequencies the reactants have
to diffuse farther, thereby increasing the
Warburg impedance. On a Nyquist plot
the infinite Warburg impedance appears as
a diagonal line with a slope of 0.5. On a
Bode plot, the Warburg impedance
exhibits a phase shift of 45°. The same
data is plotted in the Bode format. The
phase angle of Warburg impedance is 45°[
15 ]. This circuit models a cell where
polarization is due to a combination of
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kinetic and diffusion processes. The lower
frequency limit was moved down to 1
mHz to better illustrate the differences in
the slope of the magnitude and in the
phase  between the capacitor and the
Warburg impedance.[10]

d. Polarization Resistance (Ry):

The corrosion rate of the metal substrate
beneath the coating is described by the
polarization resistance. For a metal in the
absence of a coating, the corrosion rate can
be determined from the polarization
resistance. The polarization resistance is
inversely proportional to the corrosion
rate.

e. Double Layer Capacitance (Cdl):

The coating is not the only structural
feature of the sample that gives rise to a
capacitance. There is a charge on the metal
electrode and a charge in the electrolyte
that are separated by the metal electrolyte
interface. Since this interface is commonly
known as the double layer in
electrochemical theory, the capacitance is
called the double layer capacitance and
abbreviated Cdl. The value of Cdl is
usually in the range of 1040 pF/cm2. This
capacitance is much higher than Ccoating
(10-9 F/cm2).The two circuit elements
that initially dominate the impedance are
the coating capacitance and the pore
resistance[10],[12].

Experimental

i. The sample prepared as outlined

below:

1. Specimen of 1cm length of each plated
bar was cut using diamond cutting wheel.
2. Some specimens were mounted by hot
molding machine using a suitable mould
3. Using grinding wheel machine type
metallographic Lapping/ Polishing
machine (UN 1 POL-820) all samples
were grinded using different grinding
paper grades (120,240,320.600, 800, and
1200).
4. Samples were polished using polishing
wheel with proper cloth and diamond
emulsion (6um), obtaining surface free
from scratches.

Ty
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5. The sample cleaned thoroughly with
acetone, then rinsed in distilled water to
remove any traces of the cleanser.
ii.  Sample coating:

1. Coating the samples with polyurethane
and polyurethane/PVC blend by using dip
method.

2. Examination of coating thickness using
ultrasonic coat thickness gauge (Non
Destructive coating thickness gauges Type

T-8822 produced by Times Group
Company) and optical microscope
supplied with video camera type

NickonECLIPSE-ME600 for all types of
application to measure coating on steel and
steel substrates.

iii.  Standard corrosion cell:

1. The electrochemical cell was prepared
by placing the samples (commonly called
working electrode) in a cell. The exposed
samples surface area of 1.76625 cm?
exposure to environment (electrolyte) . A
saturated calomel electrode (SCE) was
employed as reference electrode, and a
platinum  counter electrode positioned
parallel to the exposed sample completed
the cell. The cell was filled with a 0.5 M
NaCl aqueous solution (3.5 wt.% NaCl)
and remained open to the air. The
measurements were carried at ambient
temperature (30 °C).

2. EIS measurements were carried out at
the Ecorr potential of the samples in the
frequency range 0.01-10,000 Hz. The rms
width of the sinusoidal voltage signal
applied to the system was 10mV. EIS data
were plotted in terms of both Nyquist
(imaginary component of the impedance as
a function of the real component) and
Bode ( the impedance modulus |Z| and
phase angle / as a function of the logarithm
of the frequency f) diagrams. The
procedures was employed for the analysis
of the experimental impedance spectra. By
fitting the spectra to model equivalent
circuits by using the ZsimpWin 3.22
software [16], and the circuit components
were subsequently correlated to the
physicochemical processes occurring in
the system.
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Results and Discussion

When we compared between experimental
impedance spectrum Bode plots for two
samples (PU& PU/PVC) in figures(5&7)
with the fitted curves in figures(6& 8)
respectively we observed that good
similarity between them ,this indicated that
there are a good fitting and appropriate
equivalent circuit to represent the
electrochemical process.

The equivalent circuit of PU and PU/PVC
coating appear in table (1) these circuits
compared to the circuit in figure (2). It had
been observed that the capacitor replaced
by a constant phase element (CPE) for all
exposure times and also it showed another
element which was the Warburg diffusion
(W).

Exist (CPE) in the circuit is meaning that
the coating is imperfect  or not  pure
capacitance behavior because the test
provides a severe corrosion environment
(3.5 wt.% NaCl) that is generally believed
to simulate the long time. If there is a case
like this it is necessary to take the (CPE) as
one of equivalent circuit elements then
discuss the (CPE)'s constants (Yo) & (n)
how do they change with exposure time
by using equation {C = (Yo * R )™ / R}
to calculate the equivalent capacitance of
the (CPE) .

The Warburg impedance in equivalent
circuit of a certain immersion time, which
gave an indication that the polarization
was occurring due to both kinetic and
diffusion mechanism. Obtaining (CPE)
and (W) in circuits, provides credibility to
the appropriate circuit since it’s hard to
find organic coating as a perfect capacitor
but there are electrochemical and diffusion
processes caused deterioration of coating
film. The required circuit element values
for fitting the impedance plots are given in
Table (2& 3), the values of Ccoating in the
range of excellent protection for two
coating types. By observing the (Yo1)

ay
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values in tables (2&3) they appear that the
pu/pvc coating blend is better than pu. As
would be expected, changes in Rs are
negligible since the Ohmic resistance of
the electrolyte  remains  essentially
unchanged.

Figures (9&10) show the relation between
the frequency and phase angle which
represents the general behavior of an
equivalent circuit as a capacitor. When the
phase angle close to 90° the sample tends
to be pure or perfect capacitor that means
good physical barrier properties, on the
other hand if the phase angle close to 0 the
sample tends to be resistor and far from
pure capacitor. From this the pu/pvc
coating better than pu coating as shown in
figures (9&10).

Figures (11&12) show the relation
between the frequency and general
equivalent impedance of the circuit for all
exposure times. The decreasing of the
impedance with the exposure time at low
frequency in figure 11 for pu coating
indicates that the protection film was
deteriorating bya severe corrosion
environment. In Figure (12) observed
that the impedance have slight change this
means that the PU/PVC have good
stability in corrosion environment.

Table (1); configuration of equivalent
circuits and their symbols.

R(Q(R(QRY)))

Q]
RQRQERW))) Ly -
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Table(2); electrochemical parameters of equivalent circuits obtained from best fit to
impedance data for polyurethane coating.

tFr;(S(Orf:J ?) E.C. R(us:2|)qs (S.s?ggl"n) My Tﬁ) (S_;g‘g,\n) N | Re(E) (S.se\g‘o.S)
05 RQR(QR)) | 001 | 41569 | 1 | 6842 | 26E5 | 0425 | 476E4 | -0
1 RQR(QR) | 001 | 27368 | 0867 | 9047 | 39E-5 | 0449 | 5.16E4
14 RQRQRW))) | 001 | 333E-6 | 0520 | 1080 | BOE5 | 04748 | 1.93E4 | 3131
22 RQR(QR) | 2565 | 154E-6 | 0.571 | 9984 | 7.162E5 | 0.3807 | 458E4
38 RQR(QR) | 001 | 342E-6 | 0520 | 1086 | 1.12E-4 | 0606 | 1.25E4

Table(3); electrochemical parameters of equivalent circuits obtained from best fit to
impedance data for polyurethane/pvc blend coating.

Exposure R=R; Yo Rpore Yo w
time(hour) E.C. (Q) (S.sec™n) M Q) (S.sec™n) N2 Ro(€2) (S.5ec”0.5)
2 RQRQR)) | 02529 | 6.55E-11 1 4215 386E-4 | 028 | 4587 | =

4 R(Q(R())Q(RW)) 0.1874 | 1653E-10 | 0.9273 | 5247 | 3204 | 08 | 7921 5.8E12
14 RQ(R(QR))) 0.01 1.139E-10 | 0.9522 | 4773 35E-4 08 | 17E15 |
24 R(Q(R(QR))) 18E-4 | 02919 | 5584 1.27E-3 1 6709
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Figure(5);Nyquist plots of experimental
data for PU coating with different
exposure time.
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Figure(6);Nyquist plots of fitting data for
PU coating with different exposure time.
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Figure(7);Nyquist plots of experimental
data for PU/PVC coating with different
exposure time.
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Figure(8);Nyquist plots of fitting data for
PU/PVC coating with different exposure
time.
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Figure(9) Bode plot between frequency
versus phase angle forPU.
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Figure(10); Bode plot between frequency
versus phase angle for PU/PVC.
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Figure( 11);Bode plots of PU coating
with different exposure time in, 3.5%wt.
NaCl solution.

1.E+04
1E+04 |
] fa
E SE+03 [ fu,
E‘ 15.’ ...----
6E+03 | *teqymy tuny
) I ot
s 4E+03 | e T T Il
]
2E+03 |
0.E+00
1E-02 1E+00 1E+02 1.E+04
logf
[ e2h m®4h a8h w24h |

Figure( 12);Bode plots of PU/PVC
coating with different exposure time in,
3.5%wt. NaCl solution.
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Conclusion

A purely capacitive behavior s
characteristic of an effective barrier film .it
was initially observed for two system
coating protection at different immersion
times .PU/PVC coating continues closed to
pure capacitor for most of the frequency
range covered in the measurements. The
two systems coatings applied on carbon
steel provide very effective protection

against  corrosion. PU/PVC coating

appeared good stability in corrosion

environment.
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