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ABSTRACT

The performance of two coating systems on cold-rolled steel has been evaluated with electrochemical impedance
spectroscopy and electrochemical noise analysis during exposure to 0.5N NaCl for five months. The decrease of the pore
resistance R,, and the polarization resistance R, and the increase of the double layer capacitance Cy show qualitatively that
the disbonded area A, increased with time for the alkyd system (CR-2). No deviation from capacitive behavior was observed
for the epoxy polyamide coating (CR-9) which showed excellent performance. Potential and current noise data have been
collected simultaneously. This approach allows evaluation of the frequency dependence of the spectral noise response and
determination of the spectral noise resistance RS,. From the statistical analysis of the noise data the noise resistance R, has
been obtained. Good agreement between these two parameters has been observed. R, and R, show the same time depend-
ence as R,, and R,. However, their numerical values are much lower. For CR-2 a parallel shift of the potential power spectral

P

density (ﬁ'SD) curves to lower values and of the current PSD curves to higher values with a constant slope of —20 dB has
been observed for CR-2. No obvious time dependence was indicated for CR-9.

Rapid progress has been made in the analysis of
impedance data obtained for polymer-coated metals ex-
posed to corrosive environments.'”? Most investigators
agree that a very simple model based on the properties of
the coating and the corrosion reaction at the coating/metal
interface agrees well with the experimental data for a vari-
ety of different coating systems as discussed in a recent
review.? Mansfeld and Tsai®*® have suggested that certain
characteristic frequencies and phase angle values obtained
in the high to intermediate frequency region can be used to
determine the degree of disbonding of the coating and the
development of corrosion at the metal/coating interface as
a function of exposure time.

While the application of electrochemical impedance
spectroscopy (EIS) in the evaluation of coating perfor-
mance has been quite successful, a less expensive and less
difficult technique is desirable for routine on-site monitor-
ing purposes. The electrochemical noise techniques seem
suitable as an inexpensive and experimentally simple al-
ternative to EIS. Chen and Skerry® have measured poten-
tial and current noise for polymer coatings and have used
the noise resistance R, obtained from statistical analysis of
the noise data to qualitatively judge the performance of
different coating systems. The noise technique has previ-
ously been applied by the present authors in the evaluation
of biocorrosion and pitting corrosion of several metal-solu-
tion systems.™® A detailed investigation of the Fe/NaCl sys-
tem in solutions of different corrosivity has been per-
formed.”*® A significant improvement in the data collection
technique®! allows simultaneous measurement of poten-
tial and current noise and evaluation of the spectral noise
response R (f).

In this paper, electrochemical noise and impedance
measurements have been conducted for two polymer coat-
ing systems which had been studied in detail earlier with
EIS.*® One coating system showed excellent performance
during immersion in NaCl for one year, while for the other
coating significant degradation and loss of corrosion pro-
tection occurred. Impedance data have been fitted to the
coating model'® resulting in different characteristic par-
ameters. Noise data have been analyzed statistically and
spectrally and the results obtained with EIS and electro-
chemical noise analysis (ENA) have been compared and
evaluated in terms of their relation to coating degradation.
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Experimental Approach

Two of the polymer coating systems (CR-2 and CR-9) on
cold-rolled steel evaluated previously by exposure to 0.5N
NaCl for about one year*® were used in this study. CR-2
consists of an alkyd primer (TT-P-645) covered by an
enamel Si-alkyd coat (TT-E-490) and an ename] Si-alkyd
top coat. CR-9 sample is an epoxy polyamide coating with
a primer (MIL-P-24441 green), second coating (MIL-P-
24441), and top coat (MIL-P-24441 white). The coating sys-
tems were prepared at the Naval Civil Engineering Labora-
tory (NCEL) in Port Hueneme, California, according to
Steel Structures Painting Council Paint Specification and
naval coating application standards. Two identical samples
were exposed parallel to each other in 0.5N NaCl (open to
air) about 5 em apart with 5 cm” exposed area each. An SCE
reference electrode was placed midway between the two
test electrodes.

For the electrochemical noise tests, a Schlumberger
Model 1286 potentiostat was used to apply 0 mV potential
between the two samples forming a zero resistance amme-
ter. The potential of the coupled electrodes against the SCE
reference electrode was sampled by an HP 3457A multime-
ter as potential noise and the current output of the poten-
tiostat was sampled by an HP 3478A multimeter as current
noise. As described in detail elsewhere,”*® the two digital
multimeters were controlled by a personal computer. A
previously developed software program was used to control
the synchronized multimeters for simultaneous sampling
of potential and current noise. The sampling rate was 2
points per second for a total of 1024 s in each test. The
simultaneously collected potential and current noise data
were stored and processed to obtain statistical and spectral
information. The simultaneous sampling of potential and
current noise makes it possible to reveal the relationship
between potential and current in the frequency domain.**

For the impedance tests, a Schlumberger Model 1286 po-
tentiostat/Model 1250 frequency response analyzer system
was used. The impedance data were obtained in the two-
electrode mode, with an applied potential signal amplitude
of 100 mV to increase the signal-to-background ratio of the
current response. The impedance spectra for different ex-
posure times were analyzed by fitting to the equivalent
circuit model for polymer coatings.'?

The coated steel samples were exposed for five months.
At certain time intervals EIS and ENA data were collected.
Electrochemical noise measurements were conducted first
followed immediately by impedance measurements.
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Experimental Results

Impedance data.—Impedance spectra for CR-9 at differ-
ent exposure times were very similar with one t{ime con-
stant due to the coating capacitance as observed before.*’
Since the EIS data for the CR-9 sample did not indicate
coating degradation throughout the 5 months exposure pe-
riod, only the impedance spectra for CR-2 were analyzed in
detail. Typical impedance spectra are shown in Fig. 1 for
different exposure times. These impedance curves were fit
to the coating model using the COATFIT software'? and the
characteristic coating parameters were determined. The
coating capacitance C, is the capacitance of the polymer
coating, R, is the pore resistance related to paths of ionic
conductivity in the coating, Cy is the capacitance at the
area at the coating/metal interface where corrosion occurs,
and R, is the corresponding polarization resistance. The
breakpoint frequency £, is defined as the frequency for a 45°
phase angle in the capacitive-resistive transition region at
high frequencies. The minimum phase angle ®_,. and its
frequency f.;, are also important characteristic parameters
which can be used to evaluate coating degradation and the
extent of corrosion. As discussed by Mansfeld and Tsai,*®
who extended the breakpoint frequency method developed
by Haruyama et al.* the following relationships apply

Ryo = Riu/As = R3/AD [1]
where
RS, =p-d(Q-cm?)
R, = RY/A, = RY/AD [2]
Ca= Calq= C3AD {31
C.=CiA— Ay =C/A(1 - D) [4]
fo=KeD/p [5]
Fin = 62(D)#/p [61
tan ((I)min) = aZ(D)‘I/2 [7]
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Fig. 1. Bode-plots for coating system CR-2 on steel exposed to 0.5N
NaCl of different exposure times. (a, top: b, botiom}
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Fig. 3. Time dependence of C, and C.

fb/fmin = aﬁ(D)l/z [8]
Jol (i)’ = tap [9]

where D = Ay/A, K = (2wee,) ", a, = 2wd) " (CCY ™, a, =
2(C2/CY, ay = (CY/CY, a, = 2wdCS, and A, is the delam-
inated area, A is the total area, €, is the dielectric constant
of vacuum, ¢ is the dielectric constant of the coating, d is
the coating thickness, p is the coating resistivity, and Ry,
Ry, C7, C§ are area-normalized resistances and capaci-
tances, respectively (Eq. 1-4).** For the changes of R, R,
and Cy information concerning the degree of disbonding as
expressed by the increase of D and coating degradation as
indicated by the decrease of p can be obtained. It will be
noted that f,, and f;, depend both on D and p, tan(®,;,) and
fo/fuin depend only on D, while f,/(f...)° depends only on p. A
comparison of these parameters allows evaluation of the
changes of both D and p with exposure time. In the original
concept proposed by Haruyama et al.*® only the ratio D/p
can be determined.

Figures 2 through 5 show the time dependence of R, and
R, (Fig. 2), C, and Cy (Fig. 3), fun and f, (Fig. 4a), fu/frmn and
fo/ Cmin)® (Fig. 4b) as well as of tan(P,,,) (Fig. 5) for CR-2.
These results are very similar to those obtained previ-
ously.®® The marked time dependence of these parameters
suggests that significant disbonding and coating damage
have occurred. For CR-9 the impedance spectra remained
capacitive during the entire test period and only C, could be
obtained.

Noise data.—The noise data for CR-2 and CR-9 have
been analyzed both statistically and spectrally. The poten-
tial fluctuations of CR-2 after 28 and 130 days of exposure
are recorded in Fig. 6a, the corresponding current fluctua-
tions are shown in Fig. 6b. Potential and current noise time
records were first analyzed statistically by calculating the
mean and the standard deviation for each data set. The
noise resistance R, is the ratio of standard deviation of
potential o[V(¢)] over the standard deviation of current
olI(t)] (Eq. 10). The experimental data were transformed
from the time domain into the frequency domain by FFT.
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Because of the simultaneous sampling of potential and cur-
rent noise, the transformed potential and current noise
data sets can be divided by each other directly at each fre-
quency to reveal the spectral noise response R(f), which is
the ratio of potential over current in the frequency domain.
The noise resistance R,, spectral noise response R (f) and
spectral noise resistance R, are defined as follows

R, = o[V()l/alI(t)] [10]
Rsn(f) = |VF1«‘1'(f)/Im(f)l [11]
B3, lim [Ro(1)], 2]

where V(t) and I(t) are time records of the potential and
current fluctuations and Vi {f) and Ige(f) are the corre-
sponding values in the frequency domain obtained by FFT.
The R.(f) functions for CR-2 and CR-9 after 28 and 130
days of exposure are shown in Fig. 7, while Fig. 8 shows R,
and R, as a function of exposure time for CR-2 and CR-9.
A comparison of R, and R, obtained from the analysis of
the impedance data and R, and RZ, obtained from the anal-
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Fig. 6. Time records of potential fluctuations {a) and current fluctu-
ations (b} for CR-2 for 28 and 130 days of exposure.

ysis of the electrochemical noise data is given in Fig. 9 for
CR-2. While all four parameters show a similar time de-
pendence, the numerical values obtained from ENA are
much lower than those obtained from EIS.

Another important part of the spectral analysis is the
calculation of the power spectral density (PSD) function of
the noise data. Being another frequency domain represen-
tation of a given signal, the PSD function is defined as the
power of a signal at a given frequency and can be obtained
by FFT or the maximum entropy method (MEM)."* A previ-
ously developed MEM computer program’ was applied in
these experiments to calculate the PSD functions for po-
tential and current fluctuation. Figure 10 presents poten-
tial (Fig. 10a) and current PSD curves (Fig. 10b) for CR-2 at
different exposure times, while Fig. 11 shows the potential
(Fig. 11a) and current (Fig. 11b) PSD plots for CR-9.

Discussion

The impedance spectra for CR-2 shown in Fig. 1 indicate
that coating degradation and loss of corrosion protection
has already occurred after about one month of exposure.
The decrease of the impedance with time is primarily due to
a decrease of the pore resistance R, as D increases and/or
p decreases (Eq. 1). The impedance spectra in Fig. 1 are
typical for polymer coatings with relatively poor perfor-
mance.”® On the other hand, no significant changes in
the impedance spectra were observed for CR-9 in the
present test period of five months and in the previous tests
for one year.®*® This result is typical for coatings with excel-
lent performance.

R, and R,, decreased with exposure time as the coating
degraded and corrosion occurred at the metal/coating in-
terface (Fig. 2 and 9). The decrease of R, and the increase of
Cy (Fig. 3) can be used to estimate the increase of A; with
time assuming that Ry (Eq. 2) and Cg (Eq. 3) remain con-
stant, respectively. C, did not change much with time be-
cause A, was much smaller than A and therefore D << 1
(Eq. 4). The initial increase of C, due to water uptake occurs
in the first weeks of exposure'” for which no data were
obtained in the present study.
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Figure 4a shows that both f;, and f;, increased signifi-
cantly with exposure time. While for f,/f... a small increase
was observed after an initial decrease, f,/(fum)® decreased
continuously. @, decreased with time after an initial in-
crease (Fig. 5). The increase of f, and f,;, with time can be
due to an increase of D and/or a decrease of p (Eq. 5 and 6).
Since P, and f,/fui depend only on D (Eq. 7 and 8) and
fo/(fuin)? depends only on p (Eq. 9), one can conclude that
after about one month the disbonded area increased gradu-
ally, while the coating resistivity decreased to large extent.
The large changes of R,, f,, and f., must therefore be
mainly due to a decrease of p as corrosion products produce
mechanical pressure against the coating and lead to coat-
ing damage. Assuming d = 25 pm and C§ = 30 pF/em® in
Eq. 9 leads to an initial value p =2 - 10 ) - ecm? and a final
value of 3 - 10" Q - cm?. Based on the assumption that D =
107* after 32 days, one can estimate from Eq. 6 and 7 that D
increased by a factor of ten during the five months expo-
sure period. When the two CR-2 samples were inspected
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Fig. 10. Potential (o, top) and current (b, bottom) PSD curves of
CR-2 for different exposure fimes.

visually at the end of the test, a large blister of about 6 mm
in diameter was found on one of the samples with corrosion
products accumulated under the blister. No indication of
corrosion was found for CR-9.

In Fig. 6a, the-potential noise data for CR-2 are shown for
exposure periods of 28 and 130 days. Considering that the
E,; scale in Fig. 6a is 10 times larger than the E,4 scale, it
is clear that the potential fluctuations in the early stages of
exposure are much larger than after longer times. On the
other hand, in Fig. 6b, the current fluctuations at the 28th
day were much smaller than at the 130th day of exposure
(note the 10 times difference between the I,; and I;, scales).
This qualitative evaluation of the experimental data sug-
gests that initially potential noise levels are high and cur-
rent noise levels are low. As the coating degrades potential
noise levels decrease and current noise levels increase. For
the more protective coating CR-9 no systematic changes of
noise levels with time could be detected.

Figure 7 shows that the noise spectira for CR-2 and CR-9
after 28 and 130 days of exposure are independent of fre-
quency. At the 28th day of exposure, the R, values (Eq. 11)
for CR-2 are about one order of magnitude lower than for
CR-9 indicating that CR-2 had already started to degrade.
At the 130th day of exposure, the difference in R, for CR-2
and CR-~9 was about four orders of magnitude in the entire
frequency region.

The resistive parameters obtained by statistical and
spectral noise analysis are shown in Fig. 8. For CR-2, the
same trend of R, and R, to decrease with time can be found
as was observed for R, and R, determined from EIS (Fig.
2). For CR-9, R, and RJ, remained at much higher values
and did not change significantly with time indicating that
degradation had not occurred which is consistent with
previous conclusions.*® Similar to the Fe/NaCl system,?
R, and R, have very similar values despite the fact that
they are mathematically unrelated. Figure 9 shows that the
time dependence of R, R, R,, and R, for CR-2 is very
similar. However, the numerlcal values of the parameters
obtained from EIS and ENA are different which raises
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questions concerning the relation of R, and R, to the corro-
sion/coating degradation processes for the coating system
under investigation.

Figure 10 and 11 show the PSD curves of potential
(Fig. 10a and Fig. 11a) and current (Fig. 10b and Fig. 11b)
fluctuations for CR-2 (Fig. 10) and CR-9 (Fig. 11). As the
exposure time increased, the potential PSD curves for CR-2
decreased in magnitude with similar slopes except for the
130th day (Fig. 10a). This is another presentation.of the
results in Fig. 6a indicating that potential PSD decreased
with increasing degradation of the protective properties of
the coating. In Fig. 11a, which shows the potential PSD for
CR-9, no obvious pattern of changes with exposure time
can be seen. Potential fluctuation levels were higher for
CR-9 than for CR-2 at all exposure times. The current PSD
for CR-2, which is a more quantitative expression of the
results in Fig. 6b, increased with exposure time maintain-
ing a constant slope of —20 dB (Fig. 10b}. On the other
hand, the current PSD for CR-9 (Fig. 11b) had much lower
levels than for CR-2 without an obvious relation with ex~
posure time. The four PSD plots (Fig. 10a through 11b)
indicate that the PSD level is correlated qualitatively with
loss of corrosion protection provided by the coating system.
From Fig. 10 and 11, it is clear that the frequency band-
width in the present study was too narrow to show the de
limit P° which apparently occurs at extremely low frequen-
cies (<1 mHz). Therefore the PSD values at 1 mHz for po-
tential (P?2) and current (P} PSD plots are used for compar-
ative purposes. The Py and P{ values obtained in this way
are shown in Fig. 12, while the values of the slope S, in the
linear region of Fig. 10 and 11 are shown in Fig. 13 as a
function of exposure time. For CR-2 P? decreased and P}
increased with exposure time, while for CR-9 P remained
high and P? was very low (Fig. 12). The slopes S, for both
potential (S,,) and current (S,;) PSD remained constant at
about —20 dB/decade for CR-2 and CR-9, except for S,
of CR-2 at the 130th day of exposure. This constant value
of S, is consistent with previous suggestions'®!® that the
slope of PSD plots is a characteristic parameter for a given
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Fig. 11. Potential {a, top} and current {b, bottom} PSD curves of
CR-9 for different exposure fimes.
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corrosion mechanism independent of the extent of corro-
sion activity.

Summary and Conclusions

The EIS technique is a powerful tool for evaluating coat-
ing properties and their degradation with exposure time."?
In this investigation of the application of ENA to the study
of polymer coatings EIS has been used mainly to provide
reference data. Although only two coating systems with
very different properties were evaluated in this study, it has
to be pointed out that these two coatings were selected
from a much larger group evaluated in great detail earlier
with EIS.*® The result that the noise data obtained over a
five month time period show smooth changes with time
suggests that the data are reproducible. The constant slope
of —20 dB in Fig. 13 over a four month period also demon-
strates that the data are repeatable and reproducible.

Based on the approach developed previously®”® it is possi-
ble to describe the events occurring during coating degra-
dation leading to loss of corrosion protection. The most
relevant parameters obtained from analysis of electro-
chemical noise data are R,, RY, and the PSD parameters
revealing information concerning coating degradation and
corrosion of the substrate from different aspects. Very sim-
ilar values have been obtained for R, and RY, despite the
fact that these parameters have been determined using dif-
ferent methods of data analysis. The decrease of R, and R,
with time for the coating with relatively poor performance
is similar to that of EIS parameters related to coating dis-
bonding (R,,,) and corrosion at the metal/coating interface
(R,), however the numerical values are quite different. As
far as the PSD parameters are concerned, the increase of P
obtained from current PSD data and the decrease of P?
derived from potential PSD data seem to be useful indica-
tors of coating degradation and/or substrate corrosion.

Several points require further theoretical and experi-
mental examination. In the PSD plots a dc limit was not
observed even at 1 mIlz. On the other hand, the spectral
noise plots were independent of frequency in the entire
accessible frequency range (f < 1 Hz). Analysis of EIS data
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obtained over a very wide frequency range results in a
number of parameters which allow assessment of the
changes of coating properties such as water uptake and
decrease of coating conductivity, determination of the ex-
tent of the disbonded area and estimation of the average
corrosion rate of this area. Statistical analysis of noise data
results in only one parameter—the noise resistance R,. In
further work it needs to be established to which of the
many parameters which characterize a coating system ex-
posed to a corrosive environment R, is related. A similar
approach is needed for the correlation of parameters ob-
tained from PSD and spectral noise plots (Rg,) with coating
properties. At the present state of our understanding of
ENA, it has to be concluded that this technique can pro-
duce qualitative information concerning coating perfor-
mance and is therefore suited for corrosion monitoring pur-
poses. Important advantages of ENA are low equipment
cost and relative ease of data collection using appropriate
software which allows us to obtain data from multiple cor-
rosion sensors and facilitates data transmission to a central
control facility. "
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