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Abstract 

The recent widespread application of electrochemical impedance spectroscopy (EIS) to study 
the degradation of polymer-coated metals has been reviewed. The availability of modem instrumen- 
tation to obtain impedance data as well as computer programs to interpret the results have made the 
technique popular. In addition, EIS is very suited to the study of polymer-coated metals. However, 
despite, and even because of sophisticated methods of interpretation, some of the conclusions made 
in EIS studies remain questionable. A proliferation of equivalent circuits has been postulated without 
however confirmation by other experimental techniques. The significance and the reliability of dif- 
ferent parameters obtained from EIS and used as criteria of coating deterioration remain controversial 
despite the large number of studies carried out. EIS has also been used, with limited success, to 
monitor in situ the degradation of polymer-coated metals in atmospheric exposure. 
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2. Introduction 

Corrosion, the destruction or deterioration of a material (or its properties) due to 
reaction with its environment, represents a tremendous economic loss and it has been 
estimated that the total annual cost of corrosion in the industrialized countries amounts to 
about 4% of the gross national product [ l] or 2000-3000 dollars per inhabitant [ 21. Of the 
several methods used to protect from corrosion, the use of coatings is the most popular 
method of protecting steel and other metals because it allows one to design a substrate with 
the desired physical and mechanical properties and to utilize a coating that is resistant to 
the environment to which the part is to be exposed, thus combining the best of two worlds 
[ 31. Of the various types of protective coatings that are in use, organic polymer coatings 
predominate in protection against atmospheric corrosion of metals, and approximately 90% 
of all metal surfaces are covered with them [ 41. The protection conferred by organic coatings 
is remarkable in view of the fact that they are so thin. Typically, a paint film is 25-50 pm 
thick [ 51, but some heavy-duty paints for ships may be as much as 250 pm thick [ 61, while 
protective lacquers on the inside of food cans are generally as thin as 5 pm [7]. Organic 
coating systems protect against metal corrosion by three mechanisms: the physicochemical 
(barrier), the electrochemical (inhibition or cathodic protection) and the adhesional mech- 
anisms [ 81. 

Paint coatings are tested for various purposes: to develop new coating materials; to 
determine the best coating for a particular environment; to control the quality of coatings; 
to study the fundamental properties of coatings and their mode of protection, etc. Paint tests 
may be physical (to test the primary properties of coatings), accelerated (by increasing the 
temperature and/or concentration of the corrosive species) atmospheric (with paints 
exposed at different geographical locations on earth) or electrochemical (as metals, even 
when painted, corrode electrochemically) . 

Of the electrochemical tests, the simplest to carry out is the measurement of the 
corrosion potential of the painted metal as a function of immersion time but its results are 
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difficult to interpret. The electrical resistance of the coating could give an indication of its 
efficiency as a barrier to ions [ 9, lo]. Electrochemical resistance which is widely used to 
determine the corrosion rate of uncoated metal is not that much use for coated metals 
because the method used is valid only for activation controlled anodic metal dissolution 
reactions with the cathodic reaction either under complete activation control or the special 
case of complete diffusion control and in the absence of ohmic potential drops like that 
caused by the paint film. As the polarization is completely absorbed by the ohmic drop 
caused by the coating, the well known Stem-Geary relationship (RP = B/i,,,) does not 
apply here [ 111. Therefore, if meaningful results are to be obtained from this technique, a 
correction must be made for this potential drop. The anodic and cathodic polarization curve 
method has an additional disadvantage to the ohmic drop. It is not a non-destructive method 
as large excursions from the corrosion potential are likely to change conditions at the metal! 
paint interface so that the technique itself may cause defects in the paint [ 121. 

A.c. methods have also been used to test coatings because when a polymer-coated 
metal is exposed to aqueous solutions, the measured capacitance of the coating increases 
with time due to the absorption of water by the coating [ 131. A simple a.c. bridge was used 
to measure the capacitance. The method consists of applying a sinusoidal a.c. wave (of low 
voltage amplitude and a frequency of 1 kHz) to the polymer coated metal-electrolyte system 
and measuring the capacitance by a null method. This method also gives the a.c. resistance 
which is lower than the d.c. resistance [ 141. Therefore, by the use of simple and inexpensive 
equipment, the ability of a coating to function as a barrier to water and ions may be 
determined by obtaining the capacitance and resistance of the coating, respectively. 

A few other miscellaneous electrochemical methods have been described by Leidheiser 
[ 151. However, reviewing the electrochemical methods used in assessing the corrosion of 
painted metals, Wolstenholme in 1973 concluded that “it was disappointing to note that the 
results of electrochemical tests so far performed have not been very informative” [ 161. 
Since then, the widespread and successful application of electrochemical impedance spec- 
troscopy (EIS) to study the degradation of polymer-coated metals has changed the situation. 

The objective of this paper is to review the past work concerning the application of 
EIS to study the degradation of polymer-coated metals with particular emphasis on the 
significance of various p.arameters obtained from EIS and thus complementing a recent 
review which was more general [ 171. 

3. Electrochemical impedance spectroscopy (EIS) 

3.1. Fundamentals 

The single-frequency a.c. method can supply only limited information on the mecha- 
nisms of paint degradation because true paint resistance and capacitance are frequency- 
dependent [ 181. Electrochemical impedance spectroscopy (EIS) is the method in which 
the impedance of an electrochemical system is studied as a function of the frequency of an 
applied a.c. wave. 

When a steady-state system is perturbed (say by an applied a.c. voltage) it relaxes to 
a new steady state. The time (in seconds) taken for this relaxation is known as the time 
constant, r, and given by: 
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r=RC (1) 
where R is the resistance (in ohms) and C the capacitance (in farads) of the system. The 
analysis of this relaxation process would provide information about the system. The ratio 
of the response to the perturbation is the transfer function. When the applied perturbation 
is an a.c. potential and the response an ac. current, the transfer function is the impedance. 
To simplify calculations further, the perturbation and response are transformed from a 
function of time into the frequency domain via a Laplace transformation. In the frequency 
domain, fast processes (with low 7) occur at high frequencies while slow processes (with 
high 7) occur at low frequencies. The frequency around which a process occurs may be 
ascertained by: 

f= 1/27rr (2) 

Thus dipolar properties may be studied at high frequencies, bulk properties at inter- 
mediate frequencies and surface properties at low frequencies. 

Impedance may also be considered as the ‘resistance’ to the flow of alternating current, 

E=IZ (3) 

where E and I are waveform amplitudes for potential and current, respectively, and Z is the 
impedance. Two different components contribute to impedance. One is due to resistors and 
is known as the reactive or real component and represented by the letter a. The other arises 
from a.c. circuit elements such as capacitors, inductors etc. and is known as the reactive or 
imaginary component and represented by the letter 6. Unlike the resistive impedance, the 
reactive impedance affects not only the magnitude of the a.c. wave but also its time- 
dependent characteristics (phase). For instance, when an alternating voltage wave is applied 
to a capacitor, the resulting current waveform will lead the applied voltage waveform by 
90”. Due to this reason, it is convenient to introduce complex notation by incorporating the 
complex number j where 

j*=-1 

Thus, if a system is perturbed by a sinusoidal potential varying with time t as 

E(t) = E. exp(jwt) 

its response would be 

Z(t) = IO exp (jwt - f3) 

provided it is linear. E(t) and Z(t) are the instantaneous values and E” and Z” the maximum 
values (peak amplitude) of the potential and current wave forms, respectively. 8 is the 
phase angle difference and w the angular frequency in radians given by 

0=2j (7) 

wherefis the frequency. Usually a low a.c. voltage of about 10 mV is applied to keep the 
system linear. 

Introducing the complex notation enables the impedance relationships to be presented 
as Argand diagrams (Fig. 1) in both Cartesian (a, b) and polar coordinates ( r and 0). The 
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Fig. 1. Argand diagram showing impedance vectors 

former leads to the Nyquist impedance spectrum where the real impedance is plotted against 
the imaginary and the latter to the Bode spectrum where both r, the modulus of impedance, 
and the phase angle are plotted as a function of the frequency. 

Mansfeld recommends the use of Bode plots for three reasons [ 191: in Bode, all 
measured points are displayedequally while in Nyquist the majority of the points are located 
together at both ends of the spectrum; labelling of the curves in a Nyquist plot with frequency 
marks is quite cumbersome; and in Bode plots, R and C regions are clearly distinguished 
and together with the information provided by the frequency dependence of the phase angle, 
which is a very sensitive indicator of small changes in the spectra, a quick survey of the 
type of spectrum recorded is possible. However, most EIS spectra have been presented as 
Nyquist plots [ 201. 

Irrespective of the way the results are presented, the equipment for EIS should obtain 
four parameters a, b, r and 8. These are computed from the raw data obtained which consists 
of the real and imaginary components of the voltage and current at each frequency applied. 

3.2. Instrumentation 

Almost all recent EIS investigations have used two kinds of instrumentation. 
One is based on the single-sine technique in which a single frequency small amplitude 

sine wave signal is applied to the cell and the response measured. The frequency is then 
changed. Usually, the sweep begins from the higher to the lower frequencies in order to 
minimize sample perturbation. A frequency response analyzer (FRA) is used to generate 
the excitation waveform and analyze the response. An FRA is a digitally demodulated, 
stepped frequency impedance meter. It is also a digital correlation analyzer capable of 
measuring on two channels simultaneously. Thus an FRA determines the impedance of a 
test cell by correlating the cell’s response with two synchronous reference signals, one in 
phase with the sine wave perturbation and the other phase shifted by 90”. A simplified 
schematic of a FRA is shown in Fig. 2. 

The other type of instrumentation uses two techniques depending on the frequency 
range. At high frequencies ( > 5 Hz), the single-sine technique is used but with a lock-in 
amplifier to generate the excitation signal and analyze the response. A lock-in amplifier is 
a special type of a.c. voltmeter that uses phase sensitive detection circuitry to accurately 
measure the amplitude of a low signal obscured by background noise. At low frequencies, 
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per decade of frequency. It is also possible to perform a sufficient number of measurements 
at each frequency in order to obtain satisfactory data and reduce the scatter of experimental 
data. 

With any type of instrumentation, a potentiostat has to be used for potential control. It 
also provides a high input impedance to enable measurements to be made in systems with 
an impedance of up to 10” ohms as even the best analyzers by themselves have an input 
impedance of only about lo6 ohms. A third advantage of the potentiostat is that its series 
of current-measuring resistors eliminate the bandwidth problems that would be encountered 
by using the lock-in amplifier or FICA which have only one resistor. The current measuring 
resistor R, should be such that [ 221 

lo-‘> R,/Z> 10’ (8) 

One disadvantage of using a potentiostat in EIS is that it itself introduces a phase shift 
at high frequencies above 50 kHz [ 171. Mansfeld et al. have recommended the use of a 
measuring resistor (corresponding to the electrolyte resistance between the Luggin capillary 
and the working electrode) at high frequencies to minimize this problem [ 231. They also 
attribute the high-frequency phase shift to one more factor - the resistance and capacitance 
due to the fibre tip of the commercial reference electrode. Their solution to the latter problem 
is to place a Pt or Au wire either at the tip of the Luggin capillary or parallel to it (with its 
tip in the same plane as the capillary) and couple capacitively (with a 0.1 PF capacitor) 
parallel to the reference electrode [ 241. 

The potentiostat can be dispensed with in some circumstances when measurements are 
made with only two electrodes. These circumstances are [ 251: the two electrodes are of the 
same metal; one electrode is at least 10 times larger in area than the other; a power booster 
is used to handle high currents; or the measurement is to be made in a high impedance 
system such as a good coating which produces a low current. 

3.3. Validity 

A critical problem in impedance analysis is the validation of the experimental data. It 
is not uncommon to observe negative resistance (second quadrant) behaviour and inductive 
(fourth quadrant) behaviour when the experimental impedance data are presented as Nyqu- 
ist plots. By merely inspecting the experimental data, it is not possible to ascertain whether 
or not the data are valid or have been distorted by some experimental artifact. Invalid 
impedance data may even yield seemingly correct kinetic parameters. 

Macdonald et al. suggest the use of Kramers-Kronig (K-K) transforms to validate 
impedance data [ 26,271. These transforms are a set of mathematical relations which trans- 
form the real component into the imaginary component and vice versa. The transfer function 
defining the relationship between a voltage perturbation and current response is impedance 
only when the following criteria are fulfilled. 

(i) Causality. The response of the system is due only to the perturbation applied and 
does not contain significant components from spurious sources. 

(ii) Linearity. The perturbation/response of the system is described by a set of differ- 
ential laws. Practically, this condition requires that the impedance is independent of the 
magnitude of the perturbation. 
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(iii) Stability. The system must be stable in the sense that it returns to its original state 
after the perturbation is removed. 

(iv) Fin@. The transfer function must be finite valued at o + 0 and w + w and must 
be a continuous and finite-valued function at all intermediate frequencies. 

Under these conditions, a set of transforms between the real and imaginary components 
were shown to hold by Kramers [ 281 and Kronig [ 291. That is, when the experimentally 
observed real component is transformed by K-K transforms, it should yield the experimen- 
tally observed imaginary component and vice versa. If it does not, then it cannot be inter- 
preted as impedance [ 301. 

However, Shih and Mansfeld [ 31,321 have questioned the use of K-K transforms to 
validate impedance data on the grounds that the condition of finity cannot be satisfied in 
many practical situations. They have pointed out that K-K transforms agree with experi- 
mental or theoretical data only in those cases where these data approach a d.c. limit within 
the frequency range used for the K-K transforms. In real systems, due to experimental 
problems, it is not possible to go down to frequencies as low as 10V6 Hz in order to approach 
this limit. Thus there is a possibility of valid impedance data being rejected because they 
do not transform according to K-K transforms. Other workers have also admitted that this 
problem exists in real systems [ 331. 

3.4. Interpretation 

Interpretation of EIS measurements is usually done by fitting the impedance data to an 
equivalent electrical circuit which is representative of the physical processes taking place 
in the system under investigation. In fact, one of the advantages of EIS is that impedance 
functions frequently display many of the features exhibited by passive electrical circuits. 
This is not surprising as the fundamental laws which connect charge and potential and 
which define the properties of linear systems are unchanged in passing from electronic to 
ionic materials. However, electrochemical interfaces being active (i.e. they generate noise 
independent of the input) rather than passive, and the elementary processes that are respon- 
sible for charge transfer being chemical rather than physical, sometimes an analogy is not 
possible. For example, impedance data in the second and third quadrant of the Nyquist plot 
imply a ‘negative resistance’ and cannot be represented by a classical equivalent circuit 
composed of passive elements. Therefore, it has been proposed that, in the first instance, 
impedance data should be interpreted in terms of reaction mechanisms rather than equivalent 
circuits [ 341. 

The major problem in using equivalent circuits is to decide which specific equivalent 
circuit out of an infinite number of possibilities should be chosen. An equivalent circuit 
involving three or more circuit elements can often be rearranged in various ways and still 
yield exactly the same impedance. For example, the three circuits in Fig. 3 can have the 
same impedance at all frequencies when the parameters of the circuit are properly interrelated 
[351. 

The most important elements that can be used in equivalent circuits are summarized 
in Table 3. The resistor, R, represents the resistor that charge carriers encounter in a specific 
process or material. The capacitor, C, represents the accumulation of charged species. The 
inductance, L, is used to represent the deposition of surface layers such as the passive layer. 
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Cl c2 C3 
I I II, _I1 

- --+Voigl 

R2 R3 
(a) 

Fig. 3. Three circuits which can have the same impedance at all frequencies when the parameters of the circuit 
are properly interrelated [ 351. 

The Warburg element, W, is used to model linear semi-infinite diffusion which occurs when 
the diffusion layer has infinite thickness. The constant phase element, CPE, is a general 
element which can represent a variety of elements such as inductance (n = - 1) , resistance 
(n = 0)) Warburg (n = 0.5)) capacitance (n = 1) or non-ideal dielectric behaviour 
( - 1 I it I 1) resulting from a distribution of relaxation times [ 361 or from non-uniform 
diffusion whose electrical analog is an inhomogeneously distributed RC transmission line 
[ 371. The open boundary finite length diffusion, 0, occurs when the diffusion layer has 
finite dimensions and one boundary imposes a fixed concentration for the diffusing species 
as in the case of oxygen conducting electrodes and corrosion related diffusion. The blocked 
finite length diffusion, T, occurs when the diffusion layer has finite dimensions and one 
boundary blocks the diffusing species as in the case of (thin) mixed conducting electrode. 
Other parameters in Table 3 are: YO, the frequency independent admittance; n, the power of 
the CPE; B, the diffusion factor given by 

B = S/JO 

Table 3 
Electrical impedance elements 

(9) 

Element Symbol Impedance expression 

Resistance 
Capacitance 
Inductance 
Warburg 
CPE 
OFLD 
BFLD 

R 
C 
L 
W 

Q 
0 
T 

R 
l/@JC) 

jOL 
I/[Y,~o)“~] 
I/ [Y&o)“] 
tanh [(B~w)“‘)l(Yo~o)“Z)] 
coth [(B~jo)“Z)l(Yo(jo)“*)] 
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CE 

R t -l- 5 4 
WE 

Fig. 4. Equivalent circuit for an electrochemical cell. 

where S is the Nernst diffusion layer thickness. 
The equivalent circuit of a three-electrode electrochemical cell is shown in Fig. 4 

where WE, CE and RE represent the working, counter and reference electrodes, respectively. 
R, is the solution resistance, R, is the uncompensated resistance, R, is the charge-transfer 
resistance, R, is the resistance of the reference electrode, C, is the electrode double-layer 
capacitance and C, is the parasitic loss to the ground in the leads. 

Various methods have been used to select the correct equivalent circuit and to obtain 
the values of the elements in the circuit. Circuits with one time constant present no problem 
as the circuit and the values of the elements can be easily obtained graphically either from 
the Bode plot, or more commonly, from the Nyquist plot. For instance, the semi-circle 
shown in Fig. 5 (b) may indicate the presence of only one time constant with the circuit 
consisting of a resistor and capacitor in parallel. The value of the resistance is given by the 
diameter of the circle in the real axis and the value of the capacitance is given by 

where fbmax is the frequency (Hz) at which b is maximum. A similar analysis can be done 
if there are two time constants and the resulting semi-circles are well separated in the 
Nyquist plot. However, for the latter to happen, both the following criteria should hold 
[381, 

r,/r2>20 (11) 
0.2 < (R,/R2) < 5 (12) 

which is not always the case and therefore the simple graphical method is of limited 
applicability. 

Deconvolution of impedance data was one method that was used to interpret complex 
EIS spectra 1391 but the sequence of extrapolations and subtractions tends to accumulate 
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Fig. 5. Typical spectra: (a) capacitive behaviour; (b) one semi-circle; (c) two semi-circles; (d) 45” to real axis. 

errors in the last-determined components and the method yields no estimate of curve fitting 
uncertainties [ 401. 

The complex non-linear least-squares method (CNLLS) is more powerful and accurate 
than the graphical and deconvolution methods. This method uses all the experimental data 
(resistive and reactive components of impedance over a wide frequency range) simulta- 
neously to fit a predetermined model to the data. Values of parameters of the model are 
determined by the analysis method such that errors between fitted data and experimental 
data are minimized. 

Kendig et al. combined deconvolution with the CNLLS method in their CIRFIT 
program which minimizes the sum of squares of the radial difference between the observed 
and calculated impedance data presented in either the complex impedance or admittance 
plane [ 4 I]. This program provides estimates for the goodness-of-fit but can be applied only 
when there is observable separation of the time constants. Zeller and Savinell [ 421 modified 
CIRFIT to present ACFIT which however still uses only one equivalent circuit. 

Many circuits can be used in the two most popular computer programs based on the 
CNLLS method, one developed by Macdonald et al. [ 431 and the other by Boukamp [ 441. 
The Macdonald program has a variety of equivalent circuit models that can be chosen, 
arbitrary or analytical weighting and also a built-in procedure for avoiding or recognizing 
local minima in the sum-of-squares of fitting errors to be minimized. In the Boukamp 
program, the parameters of an equivalent circuit can be built arbitrarily by the operator and 
therefore elements can be added or subtracted from a conventional circuit. It also includes 
a program for the K-K transforms. 

Schwiderke and Di Sarli [45] have proposed a non-iterative method based on a linear 
least-squares method for the study of organic coatings on metal substrates. As this method 
uses a linear least-squares method, it does not require initial guess values and therefore uses 
less processing time than the CNLLS method. Though it is faster, it is also less accurate. 
Walter et al. have used this method as basis of their ZCALC program which they have 
compared with the Macdonald and Boukamp programs [46]. 
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It has recently been claimed that a straightforward circular regression method is better 
than the CNLLS method as it rapidly extracts the relevant parameters from the impedance 
spectra [ 471. 

4. Application of EIS to organic coatings 

4.1. Advantages 

EIS is particularly suitable for the investigation of corrosion protection by organic 
coatings for the following reasons: it obtains a more complete view of the process of the 
deterioration of the paint coating and is able to distinguish effects that are either concealed 
or masked in other tests; it obtains precise quantitative data regarding the behaviour of the 
coatings, given that the data obtained with some of the other tests are rather subjective; it 
is a faster method for classifying and homologating the protective paint coatings. 

4.2. Limitations 

However, there are a few limitations in the use of EIS to study polymer-coated metals. 
Firstly, it is quite impossible to derive a complete transfer function from fundamental 

knowledge of reaction mechanisms because of the overlapping of time constants. Most of 
the parameters describing the various processes are interdependent invalidating this kind of 
analysis. Therefore, equivalent circuits have to be used to interpret the EIS spectra which 
leads to another problem. Which of the multitude of equivalent circuits, all giving equally 
good fit with experimental data, should be chosen? This decision should be made only with 
a knowledge of the processes that occur and with the help of one or more independent 
techniques. For instance, Amirudin et al. have validated their proposed equivalent circuits 
by comparing the area of delamination obtained from EIS with that obtained from an image 
analyzer [48] and an IR thermographic method [49]. But this is not universally done. 
Though EIS is a powerful tool for the study of coated metals, it is not as yet a stand-alone 
method. 

Another drawback is the poor reproducibility of data with a variation in magnitude of 
up to three orders of magnitude between replicate measurements due to the heterogeneity 
of the coating. One scheme for coping with such statistical error is to use five or more 
replicate measurements and scattergrams [ 501. 

The Nyquist spectra of polymer-coated metals almost always display depressed semi- 
circles (i.e. their centres lie below the real axis). Depressed semi-circles often appear even 
in the case of uncoated metals and this phenomenon, referred to as impedance dispersion, 
is explained by the distribution of the time constants of the electrode process around a 
central value due to the roughness of the electrode surface [ 5 1,521 and/or the non-uniform 
distribution of the current density of the surface [ 53,541. The depression of semi-circles in 
the Nyquist plots of polymer-coated metals is probably due to surface heterogeneity [ 551 
or solid corrosion products of the metal substrate developing in the defects in the organic 
coating [ 561. The latter explanation is supported by the observation that an intact (protec- 
tive) coating shows no depression at all and the depression increases with the increasing 
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deterioration of the coating. Depressed Nyquist semi-circles are better represented by sub- 
stituting CPE in place of capacitance [ 571. 

Another limitation is that EIS cannot distinguish between the various coats applied on 
the substrate such as primer, topcoat etc. [ 581. 

4.3. Special experimental requirements 

A range of coating thicknesses - from as low as 4 pm [ 591 to as thick as 4000 pm 
1601 - have been studied by EIS. However, as polymer-coated metals have high impe- 
dance, the measurement of which may be beyond the capacity of the instrumentation used, 
the exposed area of the electrode needs to be increased with increasing coating thickness. 
For typical coatings, 

Area( cm’) > 0.4d (13) 

where d is the thickness of the paint in pm [ 611. The above relationship is not relevant 
when there are defects in the coating such as voids, holidays etc. when a smaller area can 
be used. 

Since a polymer-coated metal can be considered as a linear system - at least as long 
as it does not contain considerable corrosion damage - it is possible to use a larger a.c. 
signal than for bare metals and thereby decrease the scatter of the experimental data. A 
satisfactory approach involves the application of a.c. signals of about 100 mV in the high 
frequency range which are then decreased in the low frequency range [ 621. By the same 
token, it is possible to use a higher amplitude at the beginning of the exposure when the 
coating is protective but reduce the amplitude when the coating begins to deteriorate. 

4.4. Typical spectra 

Impedance spectra of painted metals are characterized by different spectra depending 
on the state of the paint coating. Protective and intact coatings display a capacitive arc in 
the Nyquist plot (Fig. 5 (a) ) . When the electrolyte penetrates the coating, the arc becomes 
a semi-circle (Fig. 5(b) ) . At later stages, the spectrum is characterized by more than one 
semi-circle (Fig. 5 (c) ) and sometimes a line inclined exactly at 45” to the real axis (Fig. 
5(d)). 

If the spectrum displays more than one semi-circle, usually it is the high-frequency 
semi-circle which contains paint information while the low-frequency semi-circle contains 
information about the processes related to reactions on the electrode surface [ 58,631. 
However, Feliu et al. have pointed out three instances of this assumption not being valid 
[ 641: paint coatings after a long exposure time [ 651; artificially perforated films with the 
perforation recently formed; zinc-rich paint coatings during the first few days of exposure. 
In the first two instances, the low value of R, would reduce the relaxation time, 7, to a 
magnitude so that the semi-circle attributed to it would appear at a frequency beyond the 
highest applied frequency and thus not be observed in the spectrum. In the case of zinc-rich 
paints, the arc obtained at higher frequencies is related to the response of a porous zinc 
electrode as at the beginning of the exposure the paint coating can act as a bare metal 
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Fig. 6. General equivalent circuit for a polymer-coated metal. 

because the zinc particles are in electric contact with each other and with the steel base up 
to the external surface of the coating. 

When only one semi-circle is observed in the Nyquist plot, a simple method to identify 
whether it is due to the coating or due to the electrode reactions, is by varying the applied 
a.c. voltage [ 661. A higher voltage should decrease the time constant due to the electrode 
reaction but should not normally affect the time constant due to the coating unless the pores 
are plugged by the higher voltage in which case it would increase. 

4.5. Equivalent circuits 

For a long time, the degradation of polymer-coated metals was represented by the 
general hierarchical circuit shown in Fig. 6 where R, is the uncompensated solution/elec- 
trolyte resistance, R, is the coating pore resistance, C, is the coating capacitance, C, is the 
electrode double-layer capacitance, R, is the Faradaic charge-transfer resistance and 2, is 
the Warburg diffusional impedance. Some have used this circuit as it is, while others have 
left out 2,. 

However, there is an increasing trend to present novel equivalent circuits. Cavalcanti 
et al. have proposed a circuit in which the coating and the faradaic impedances are connected 
in a series combination instead of the usual hierarchical one [67]. Circuits that include 
inductive elements have also been proposed [ 68,691. Constant phase elements are being 
increasingly used in place of C, and C, because of the depressed semi-circles [ 70-721. The 
mathematical relationship between a capacitance and the CPE is given by [ 731: 

C= Y,w”-‘lsin(n&2) (14) 

Amirudin and Thierry split up the charge-transfer resistance and the mass-transfer 
impedance of the electrode reaction into separate anodic and cathodic branches [ 481 which 
is in accord with a circuit resulting from a transmission line model for damaged automotive 
paint films [ 741. van Westing et al. introduced an additional resistance associated with the 
diffusion process [ 751. 

There is also an increasing tendency to split up the time constant due to the coating 
into separate time constants for the intact paint film and the delaminated paint pores [ 7% 
781. 

A drawback in some of the novel circuits proposed is that the physical significance of 
some new passive elements included in the circuits is not explained. For instance, a time 
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constant in series with the electrode double layer proposed by two different groups of 
workers [ 79,801 remains unexplained. Another weakness of these new circuits is that they 
are not confirmed by other experimental techniques. 

Recently, de Wit has shown the fallacy of correlating the number of time constants 
with the number of semi-circles appearing in the Nyquist plot [ 721. Using the Boukamp 
program, the most probable impedance (MPI) circuit he derives contains four time constants 
for a spectrum containing only two visible semi-circles. Amirudin et al. confirm this obser- 
vation [ 811. Most probably, even the single semi-circle which is attributed either to the 
coating or to the Faradaic process may be found to be due to both if analyzed by the MPI 
method. 

5. The significance of the passive elements 

5.1. Uncompensated resistance, R,, 

R, is the uncompensated resistance between the reference electrode and the working 
electrode. It is also referred to as solution/electrolyte resistance. Scantlebury and Sussex 
attributed it to the resistance of the electrolyte solution as it decreases uniformly as the 
solution conductance is increased and as its actual values agree well with the resistance 
calculated for the solutions used [ 821. However, according to Rowlands and Chuter, it is 
effectively a measure of the ionic film resistance as the actual solution resistance in electro- 
lytes such as seawater is negligible [ 831. This concept is supported by the observation that 
R, values are generally higher for coated than uncoated metal in the same electrolyte [ 591. 
Walter explained the high value obtained by him as due to stray capacitances [ 381. 

Only in the case of very thin coats has R, been used as a parameter of coating 
degradation and it was found to decrease with increasing degradation [ 591. 

5.2. Coating capacitance, C, 

The coating capacitance C, is given by: 

C, = ??q,AId (15) 

where E is the dielectric constant of the coating, ??0 is the permittivity of vacuum (i.e. 
8.86 X lo- l4 F/cm), A is the area of the coating and d is its thickness. As the dielectric 
constants of most coatings are in the range 3-4, the entry of water (E= 80) into the coating 
should increase C, as indicated earlier. Therefore, in the first instance, C, should be a 
measure of water permeation into the coating. 

A simple method of calculating the amount of water absorbed by the coating from the 
capacitance data is by using the empirical formula derived by Brasher and Kingsbury [ 131: 

X, = log( CJC,) /log80 (16) 

where XV is the volume fraction of water absorbed by the coating, C,, is the coating capac- 
itance at the beginning of exposure and 80 is the dielectric constant of water. From the 
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volume fraction, it is possible to determine the diffusion coefficient of water from computer 
programs [ 48,84,85]. 

Padget and Moreland found that in 3% NaCl solution, the rate of capacitance increase 
was in the order acrylic > alkyd > chlorine containing vinyl acrylic > chlorinated rubber 
[ 861. The rate also depends on the surface pretreatment of the metallic substrate prior to 
painting, with the most effective treatments providing for the slowest increase [ 871. 

According to Feliu et al., the advantage of using C, as a parameter of coating behaviour 
is that it can be determined throughout the entire exposure period as it depends on deterio- 
ration on a microscopic scale along numerous points of the coating [ 871. It also has the 
best reproducibility of all passive elements [ 881. The disadvantage is that it gives indication 
of neither the deterioration of the paint nor the corrosion rate of the underlying metal but 
only on the water permeability, which could give, at the best, only an indirect information 
of the state of the coating and the risk of corrosion. Walter also confirms that C, cannot be 
used as a parameter for coating degradation because it reaches a steady-state value after 
some time while the degradation of the coating continues [ 891. He explains the relatively 
constant C, value as follows: the capacitance of the small pathways being much less than 
the parallel capacitance of the remainder of the film, it does not contribute significantly to 
the overall capacitance even though the pathways controlled the performance of the paint 
film [ 581. Scully also found that C, cannot be correlated with coating deterioration of 
epoxy-polyamide-coated steel systems exposed to seawater [ 901. However, he noticed that 
C, continued to increase after hundreds of days of exposure and attributed this to a gradual 
increase in water solubility of the film due to its deterioration. It has also been reported that 
when Warburg behaviour was observed, delamination occurred when d[ C,] ldt was greater 
than zero [91]. 

de Wit interpreted four regimes in the increase of C, with time [ 721. He also found 
that despite full saturation, no constant value for C, was obtained due to swelling and 
therefore the coating was not behaving as an ideal dielectric [ 921. Therefore it is better to 
replace C, with a CPE and in such a case the admittance Y0 continuously increases for 
several days [70] and is no longer a parameter of water absorption but instead indicates 
delamination [ 721. In fact, the factor n of the CPE has been used as a parameter to monitor 
coating degradation [ 93,941. 

The use of a capacitance instead of a CPE also leads to authors reporting very high 
water uptake (9-25%) by the coating [ 95-971. 

A few workers have found that C, decreases initially before increasing [98,99] and 
attributes this to one or more of the following reasons: the water is not randomly distributed 
in the polymer coating; additional internal stresses in the coating created by water uptake 
and swelling lower the dielectric permittivity; the adsorption or reaction of water may 
change the dielectric behaviour of the coating. 

In summary, C, seems to be a measure of water absorption only at the initial stage of 
exposure and when the coating has been exposed for days C, reflects coating delamination 
and degradation [ 851. 

5.3. Coating resistance, R, 

R, has been generally interpreted [ 38,100-1021 as the pore resistance of the coating 
resulting from the penetration of the electrolyte. Electrolyte penetration may occur through 
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Fig. 7. Schematic representation of a paint film traversed by capillary channels 

real (microscopic) pores and/or virtual pores defined by regions in the polymer of low 
crosslinking and therefore high transport [ 103,104]. 

R, can be related to the number of pores or capillary channels perpendicular to the 
substrate surface through which the electrolyte reaches the interface as follows: 

R, = dl KNA, (17) 

where K is the conductivity of the electrolyte, N is the number of channels, A, is the average 
cross-sectional area of the channels and d is the length of the channels which is equal to the 
coating thickness (Fig. 7). The resistance of the layer of electrolyte which would occupy 
the same space (and hence the same thickness) as the coating can be calculated from the 
formula: 

R,=dIKA (18) 

where A is the total area of the coated metal. Combination of Eqs. ( 17) and ( 18) yields: 

RJR, = NA,/A (19) 

The fraction NAJA may be termed as the porosity of the coating. Armstrong and 
Wright found that the porosity of the coating thus calculated is about lo5 times lower than 
the delaminated area under the coating which made them to conclude that though the 
electrolyte reaches the interface through few pores, it causes rapid delamination by spreading 
along the interface [ 1051. This delamination may be due to the corrosion of the metal 
causing undercutting of the coating or, possibly, the poor adhesion of the film to the surface 
[ 1061. Thermogravimetric analysis in combination with EIS has shown that the mean pore 
area is greater at upper layers and smaller at layers inside the coating and a mean pore 
should have dimensions as presented in Fig. 8 [ 1071. 

Fig. 8. Schematic representation of different layers of the coating (a) and model of conducting macropores through 
the coating as a consequence of electrolyte penetration (b) [ 1071, 
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Thus the magnitude of R, at a given time is indicative of the state of degradation of 
the paint film caused by solution ingress via pathways through the film [ 58,102]. A coating 
resistance of lo6 ohm cm2 is generally viewed as being indicative of a good organic coating 
[ 108 1. Scully and Hensley have pointed out that this threshold value is valid only for steel 
substrate and not for magnesium substrate [ 1081. In addition to being substrate-specific, 
the threshold value is also electrolyte-specific because the magnitude of R, depends mainly 
on the conductivity of the penetrating electrolyte (Eq. ( 17) ) . Indeed, this has been observed 
[95] and Amirudin and Thierry have reported a linear relationship between R, and the 
conductivity of NaCl solutions of different concentrations [ 491. 

As ionic penetration is slower than water penetration, unlike C,, R, cannot be deter- 
mined at early periods of exposure and is also not reproducible at advanced deterioration 
because of the formation of macroscopic and random perforations [ 881. In fact, variation 
of one or two orders of magnitude between replicates has been observed [ 1091. 

Though R, can also increase with time probably as a result of pore or defect blockage 
by corrosion products [ 71,l lo] it usually decreases. For a given polymer coating, the 
coating/metal interface most susceptible to corrosion will induce the most rapid decrease 
in R, [ 1021. R, for a free film remains essentially constant and therefore the presence of the 
substrate enhances the short circuiting of the polymer film by the conducting electrolyte. 

Quite a few workers [ 89,102,104,111] have found three regions in the time-dependent 
decrease of R,. It initially decreases rapidly, then slowly (exhibiting a plateau) and then 
again rapidly coinciding with the appearance of the second semi-circle. Walter explains the 
plateau by making the assumption that the number of pathways forming is approximately 
constant with time [ 891. While one additional pathway will cause a relatively large decrease 
in R, when a small number of pathways exist, it will cause only a small decrease when a 
large number of pathways exist. However, Touhasent and Leidheiser attribute the first two 
regions to different ways of electrolyte permeation, the first sharp fall resulting from the 
penetration of the electrolyte into microscopic pores and the second fall resulting from the 
penetration of the electrolyte into the virtual pores of the polymer matrix [ 1121. Though 
R, has always been associated with electrolyte penetration, Miskovic-Stankovic et al. are 
the first to attribute it to water penetration and they argue that the first region of the curve 
corresponds to the saturation of the coating with water and the second region to the pene- 
tration of water and electrolyte through macropores [ 1071. All agree that the third region 
is due to delamination and corrosion. 

Indeed, Haruyama et al. identify the change in R, only with delamination [ 1131. 
According to them, R, is the resistance of the coating which is infinite before the electrolyte 
reaches the interface. With the arrival of the electrolyte, a double layer forms at the disbonded 
region of the coating/metal interface and corrosion begins giving finite values for R,. 
Therefore, R, is a measure of the disbonded area A,: 

R,=@‘lAd’ 

where 

@=pd 

p being the specific bulk resistivity and d the thickness of the coating. 

(20) 

(21) 
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Mansfeld and Tsai do not find anything wrong in Haruyama’s assumption that current 
flow will occur only in those areas, A,, where coating delamination has occurred [ 1141. 
However, Kendig et al. cast doubt on the Haruyama assumption on the basis of experiments 
conducted with free films [ 1151. The results of Armstrong et al. described above [ 105,106] 
also refute the concept advocated by Haruyama et al. 

5.4. Double-layer capacitance, C, 

C, is usually at least one order of magnitude higher than C, [ 891 and unlike in the 
case of C, and R,, there is unanimity of opinion in the interpretation of C,. Almost all agree 
that it is a measure of the area over which the coating has disbonded [ 20,87,105]. The area 
of delamination may be calculated from the formula 

A,= C,/c 

where C, ’ is the area-specific double-layer capacitance of the uncoated metal. 

(22) 

However, while studying mild steel and galvanized steel substrates coated with paints 
containing passivating pigments, Amirudin and Thierry observed that C, is more a measure 
of the electroactive area than the delaminated area [ 481. Thus C, may also depend on the 
electrochemical state of the surface (i.e. active or passive). The disadvantage of using C, 
as an indication of coating degradation is that it can be measured only at advanced stages 
of coating deterioration when the EIS spectrum indicates at least two time constants. 

5.5. Charge-transfer resistance, R, 

In theory, the value of R, would be the most appropriate parameter for monitoring the 
protective properties of the coating as the corrosion rate of the underlying metal can be 
estimated from the Stern-Geary equation, but again, like C,, R, can be estimated only when 
at least two time constants are evident in the spectrum. Unlike in uncoated metal, R, decreases 
with time [ 1161 and, therefore (like C,) R, also depends in the first instance on the area of 
coating delamination according to [95,105,117] : 

Ad=flIR, 

where R, ’ is the area-specific charge-transfer resistance of the uncoated metal. 

(23) 

Sometimes, the ratio RJR, is constant over a period of time in which case it is concluded 
that substrate corrosion is due to ionic diffusion through the coating and not to delamination 
[ 89,118] . This conclusion about the relationship between corrosion and diffusion is sup- 
ported by Mansfeld and co-workers who thought, conversely, that the corrosion reaction at 
the substrate/coating interface enhances the conduction at defects in the coating [ 101,102]. 
However, this conclusion will not be valid if Haruyama’s interpretation of R, is accepted 
as then both R, and R, depend on delamination and the ratio R&R, will always remain 
constant. 

5.6. Warburg impedance, Z,,, 

The Warburg impedance has received very little attention in publications dealing with 
EIS, which is surprising since it implies the possibility of measuring diffusion constants 
[ 1001. It can be also defined by: 
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&=CrCO -‘12( 1 -j) 

where CT, the Warburg coefficient, is related to Y,, by: 

(24) 

CT= l/Ye42 

and to the diffusion coefficient of the species, D, by [ 1191: 

(25) 

CT = RTl,12n2F2cD”2 (26) 

Warburg impedance is usually characterized by a ‘diffusion tail’ in the Nyquist plot 
which is inclined exactly at 45” to the real axis (Fig. 5(d)). The relative values of R, and 
u determine whether the system is charge-transfer controlled or diffusion controlled; in 
general, the system is under charge-transfer control for R,la > 10 and under diffusion 
control if R,/a <O.l [ 1201. 

Eq. (24) assumes that the a.c. diffusion layer thickness (i.e. the distance travelled by 
the diffusing species in the low-frequency oscillating perturbations) is very much less than 
the d.c. Nernstian diffusion layer thickness [ 381. When both ac. and d.c. diffusion layer 
thicknesses are comparable, the diffusion tail may bend towards the real axis at low fre- 
quencies resulting in a skewed semi-circle and the diffusion is better expressed as the open 
boundary finite length diffusion (OFLD) , in which case the diffusion impedance expression 
(Eq. (24) ) becomes: 

Z,=au-“2(1-j) tanh{S(joID)“2) (27) 

This has been done by Geenen et al. who have replaced the Warburg diffusion with 
OFLD in some equivalent circuits proposed by them [ 791. 

The time constant for a diffusion process may be calculated from the equation [ 1001: 

r=&fD (28) 

If an equivalent circuit contains only one diffusion element, it is usually attributed to 
the cathodic oxygen diffusion but Fastrup and Saarnak have proposed that this diffusion 
element is related to the anodic diffusion through corrosion products in the pores or larger 
holes [ 1001. 

6. Parameters from the Bode plot 

In addition to the passive elements in the equivalent circuit, other parameters obtained 
from the Bode plot of the impedance spectrum have been used to monitor the state of 
polymer-coated metal. Fig. 9 shows these parameters and a brief description of each is given 
below in the order they appear when sweeping from high to low frequencies. It should be 
noted that the lower the frequency of interest, the harder it is to obtain the parameter as 
there is data scatter at the low frequency part of the spectrum especially if the coating is 
protective. 
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Fig. 9. Parameters obtained from the Bode plot and used for monitoring coating degradation. 

6. I. Frequency at maximum phase angle, fernax 

Sekine et al. have used the frequency at which the phase angle is maximum, fHmax, to 
monitor coating performance [ 1201. They arrived at the theoretical relationship: 

logV_) = -log(27r) -0.5 log(R,C:) -0.5 log(&) (29) 

They observed a linear relationship between f- and R, and thus f-, which can be 
measured easily, could serve as a criterion of coating resistance. 

6.2. Breakpointfrequency, fb 

On scanning the frequency from high to low values in EIS, the frequency at which the 
phase angle first falls to 45” is the breakpoint frequency, fb. It was originally proposed by 
Haruyama et al. [ 1131 and is a consequence of their assumption that coating resistance is 
a function of the delaminated area (Eq. (20) ) . They also followed the general assumption 
that C, is the dielectric capacitance depending on the entire area of the coating: 

C,=cA (30) 

where C, ’ is the area-specific value and A is the total area of the specimen. When the phase 
angle is 45”, the resistive’and reactive impedances are equal: 

R, = 1/27&C, (31) 

or 

fh = 1/25rR,C, (32) 

Substituting from Eqs. (20) and (30) : 

fb =A,1 21i-@C$4 (33:) 

From Eq. (15) 

C,IA = c = ??eJ d (34) 

On substituting for R, ’ and C, ’ from Eqs. (21) and (34), Eq. (33) becomes: 

fb =A,l2A~~pe% (35) 
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fb =f %/A (36) 

According to Eq. (36), the breakpoint frequency is a measure of the disbonded area 
provided the dielectric constant, E, and the resistivity of the paint, p, remain constant. Another 
assumption implicit in the method is that the impedance is represented by the general 
equivalent circuit shown in Fig. 6. 

However, the validity of the breakpoint frequency method (BFM) has been questioned 
by some. As described above, both Kendig et al. [ 1151 and Armstrong et al. [ 105,106] 
refute Eq. (20) and therefore the BFM itself. According to van der Weijde et al., the 
hierarchical equivalent circuit chosen by Haruyama is incorrect [ 1211. They also point out 
that when many breakpoints are close together, it is not possible to distinguish between 
them. In fact, it has been mathematically shown that when the second time constant is close 
enough to the first so that the magnitude of C, is comparable to C,, the breakpoint frequency 
is not a measure of the area of delamination [ 1221. 

The assumption that the dielectric constant, E, and the resistivity of the paint, p, remain 
constant, is also invalid. But as E increases with the entry of water and p decreases with the 
entry of the electrolyte, the two variations must cancel each other if BPM is to be valid. 
This is not so. In fact, Murray and Hack have used the difference in the variation in E and 
p in the initial period of exposure to determine coating behaviour [ 1231. As water penetrates 
the coating before the ions, first E increases leading to a decrease in fb as per Eq. (35). 
When the ions penetrate later, p decreases leading to an increase inf, as per Eq. (35). Thus, 
if the coating disbonding is limited by ionic transport processes, then the minimum in the 
initial breakpoint frequency values may be a useful parameter to compare different paints. 

The surprising thing about BPM is that despite such a number of flaws, many workers 
have found good correlation between the breakpoint frequency and the delaminated area 
determined by an independent technique [ 90,124], Amirudin et al. have found the break- 
point frequency to be a reliable indicator of delamination in various environments - total 
immersion [ 491, cyclic corrosion tests [ 1251 and even atmospheric exposure [SO]. 

6.3. Minimum phase angle, tl,, and its frequency, f&in 

As E increases due to water uptake and p decreases as conductive paths and defects 
develop in the coating, fb ’ in Eq. (36) is not a constant value. This led Mansfeld and Tsai 
to propose two additional parameters, the minimum phase angle e,,, and its frequency, 
fernin, as indicators of coating delamination [ 1141. The analytical relationships between 
these parameters and the delaminated area are quite complicated. However, making certain 
simplifying assumptions it was shown that 0,, and the ratio fb/fti,, are both dependent 
only on the delaminated area and neither on E nor p. 

6.4. Low breakpointfrequency, fi 

As fb gave a good correlation only in the case of marginal and poor coatings where the 
disbonded area was l-75%, Murray and Hack [ 1261 have successfully used the low 
breakpoint frequency,A, proposed by Hack and Scully [ 1271 to detect disbonded areas as 
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low as 0.01%. The low frequency& is related to the second time constant and is the frequency 
at which the reactive impedance due to the double layer is equal IO the sum of the charge- 
transfer and coating resistances: 

R, i-R, = 1 /2$Cd (37) 

By proceeding as in the case offb, a mathematical expression may be derived according 
to whichA is dependent on defect area for very small defects wheref, is not resolvable. 

6.5. Maximum impedance, Z,,,, 

Murray and Hack [ 1281 used several parameters to monitor coating performance and 
found the maximum impedance at low frequency, Z,,,,,, to be the most useful parameter 
thus confirming the original claims made by Bacon et al. 45 years ago [ 93 on the usefulness 
of dc. resistance values to characterize organic coatings. Others too are of the same opinion 
11291. 

7. Using EIS to monitor atmospheric corrosion 

Almost all EIS investigations of polymer coatings have been made in aqueous envi- 
ronments and hence the results may not be correlated to service in atmospheric conditions. 
Even if samples are exposed to atmospheric conditions, their impedance spectra are obtained 
by using an extraneous electrolyte [ 1301. Walter has found that though this procedure does 
determine relative performance of different paints exposed to the same conditions, the 
absolute value of R, depends on the conductivity of the solution used for the measurement 
[ 951. The time of immersion in the electrolyte before measurements are done is also critical 
and it has been reported that six hours were optimum to get a clear correlation between 
visual and impedance studies [ 7 11. 

Simpson et al. developed an atmospheric electrochemical monitor (ATMEIS) to obtain 
EIS spectra in atmospheric conditions thus eliminating the need for an extraneous liquid 
electrolyte [ 1311. This monitor consisted of a painted steel coupon upon which a gold 
electrode (covering less than 10% of the surface of the sample coupon) is electron-beam 
deposited (to a thickness of 200 nm) to serve as both reference and counter electrode. The 
monitor relies on the assumption that as the gold electrode is placed at the surface of the 
coating, its entire area is wetted and utilized resulting in a low interfacial impedance relative 
to the coating or steel/coating interface. According to these workers, ATMEIS has been 
tested both in immersion exposure and in an atmospheric chamber and has been found to 
generate EIS data consistent with those predicted for a painted metal coupon in an aggressive 
environment [ 132-l 341. 

Barreau and Thierry developed a sensor similar to ATMEIS but which differs from 
the latter mainly in the method of gold deposition [ 1351. They used a simpler one-step 
method, depositing gold on to the painted pane1 while it is covered with a shield so as to 
produce the required design. The gold layer thickness was also twice (400 nm) as much as 
that in the ATMEIS. The validity of the two-electrode configuration using gold as counter- 
cum-reference electrode has been tested by these workers who demonstrated that, under the 
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experimental conditions used the interfacial impedance of the gold electrode was negligible 
compared to the total impedance of the system. 

Other workers have found that the deposition of gold on the paint does not affect 
coating parameters [ 1361. 

Amirudin et al. have used the sensor developed by Barreau and Thierry to study the 
degradation of epoxy-coated galvanized steel in various environments such as chloride 
[ 1251, sulfur dioxide [ 1371 and marine atmosphere [ 801. They found the sensor to be an 
efficient tool to study in situ the deterioration of polymer-coated metal without the use of 
an extraneous electrolyte but realized that it would be reliable only when the conductivity 
of the moisture film covering the sensor is more-or-less constant (as in controlled laboratory 
tests) because the magnitude of the passive elements depends not only on delamination but 
also on this conductivity [ 49,138]. They also observed that, contrary to earlier claims, the 
impedance of the gold does modify the low frequency part of the spectrum, especially in 
largely delaminated low-impedance systems, and therefore the equivalent circuit should 
incorporate a time constant for the gold [ 49,138]. 

8. Concluding remarks 

It is obvious from the preceding discussion that a tremendous amount of work has been 
done during the last twenty years in the application of EIS to study the performance of 
polymer-coated metals. The popularity of the EIS technique is due to two factors: its 
suitability to the study of polymer-coated metals and the availability of modem instrumen- 
tation (to obtain the spectra) and computer programs (to interpret it). This is why, though 
the impedance technique was known to the scientific world for several decades, the sudden 
upsurge has occurred only during the last couple of decades. 

Though much insight has been now gained on the application of EIS to polymer-coated 
metals, very few controversies have been settled beyond doubt. These include the application 
of Kramers-Kronig transforms to validate the impedance data, the substitution of CPE 
instead of capacitance in the equivalent circuit, the significance of the coating resistance 
and the usefulness of the breakpoint frequency. The last two items are of critical importance 
because the coating resistance and the breakpoint frequency are becoming the most popular 
impedance parameters of coating delamination as both are obtainable in the early stages of 
deterioration. The maximum impedance, Z_ is also beginning to become popular. 

One clear advantage of the technique is its ability to detect very minute areas of 
disbondment in situ. There is no other simple technique which could yield this vital infor- 
mation. 

At the present time, the use of equivalent circuits seems to be indispensable for the 
interpretation of data. Though many novel equivalent circuits have been proposed, the 
physical significance of most of these circuits cannot be easily understood especially with 
respect to the line of current flow and very few of these circuits have been confirmed by 
another experimental technique. It is interesting to note that most of the novel circuits result 
from those who use the Boukamp program, which can yield any type of equivalent circuit. 
It has been recently suggested that the power of such software should not be overestimated 
and that the proposed equivalent circuit should fulfil three criteria [ 1391: it should be 
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physically meaningful; it should give a good fit with experimental data; it should be con- 
firmed by one or two other techniques. 

The atmospheric corrosion monitor had only a limited success. Initial reports were 
very encouraging but the realization that the magnitude of the passive elements depends 
not only on the area of delamination but also on the conductivity of the electrolyte film on 
the surface of the monitor, precludes its use in actual atmospheres. At best, the monitor can 
be used only in accelerated laboratory tests with simulated atmospheres. 

It is hoped that the next decade will throw more light on the technique and confirm 
that EIS is indeed a powerful tool to study the degradation of polymer-coated metal. 
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