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ABSTRACT

Organic coatings on phosphated and bare mild steel exposed to
aqueous sodium chloride solutions were investigated by electro-
chemical impedance spectroscopy (EIS). The corrosion protec-
tion of coatings is well characterized by a thorough transfer func-
tion analysis of the EIS data obtained. A quasi-homogeneous and
two different inhomogeneous three-dimensional surface models
were used to analyze perfect and imperfect coatings, respec-
tively. Local defects within the organic coatings and delamination
effects at the substrate/coating interface were determined quanti-
tatively even after a relatively short exposure time.
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fer function analysis.

INTRODUCTION

Painting or coating with organic matters is a widespread method to
provide corrosion protection and to improve the durability of engi-
neering structures. Localized corrosion processes caused by inho-
mogeneities within the three-dimensional (3-D) film are the most
frequent reasons for damages on metal surfaces protected by thin
organic coatings. Such inhomogeneities can be mechanical dam-
ages, pores, or merely a weakening of the coating, e.g., electrolyti-
cally conductive pathways. Furthermore, from a practical point of
view, the strength of the bonding of such coatings—especially af-
ter damage—to the metal substrate is of outstanding importance
for the protection quality.

Atmospheric accelerated testing methods such as salt spray
and climate changing tests are usually applied to characterize or-
ganic coatings on metal substrates in the laboratory. These proce-
dures are rather time consuming until reliable results are obtained,
which nevertheless often lack correlations with practical experi-
ence. Despite the extensive use of organic coatings, no other gen-
erally accepted short-time tests exist for pr=~tical applications to
assess the corrosion protective performe..... of organic coatings
and paints. This lack hinders research ar.d development work for
formulating new and improved commercial coating and paint
products.
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Since metallic corrosion in aqueous solutions is mostly an
electrochemical phenomenon, electrochemical test methods are
useful to assess the ability of a coating or paint to prevent corro-
sion. Consequently, electrochemical measurements of polarization
phenomena of the system metal/coating or film/electrolyte have
been applied for a long time. However, standard electrochemical
direct current (DC) techniques have appeared to be poorly repro-
ducible and, in the case of nearly perfect coatings, even impracti-
cable. Furthermore, these methods are likely to introduce mea-
surement errors due to potential drops across the high-resistance
organic film. Large-signal perturbation techniques of the conven-
tional electrochemical test methods may cause polarization effects
at the electrode/coating interface leading to irreversible changes of
the system concerned. However, electrochemical impedance spec-
troscopy (EIS) as a small signal perturbation technique has proved
to be a powerful tool to obtain system-specific parameters of coat-
ings and paints.'™ EIS represents an in situ technique that allows
one to detect surface inhomogeneities correlated to the corrosion
process as a function of the exposure time. The interpretation of
experimental EIS data by means of a transfer function analysis
based on an appropriate physical model of the corrosion process
at the metal/coating interface may lead to a better understanding
of local corrosion mechanisms. A computer fit of the theoretical
transfer function to the experimental EIS data can yield system-
specific parameters that allow a comprehensive interpretation of
the corrosion performance of organic coatings and films.

Different models have been described to interpret EIS data of
coated metals.®>~'* However, these models have to be considered
as qualitative approximations. In addition, there are only a few in-
vestigations on high-performance commercial grade coatings and
paints."® Such real systems generally show a more complicated
behavior than the model systems often used in laboratory tests.

In this work EIS is applied as an appropriate short-time test
procedure to assess and predict the corrosion protection behavior
of industrial organic coatings electrodeposited on bare and phos-
phated steel. The results are interpreted by a transfer-function
analysis based on an inhomogeneous 3-D surface model in order
to obtain parameters characterizing quantitatively the coating
performance.
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EXPERIMENTAL

Preparation of Electrocoatings

Cured, lead pigmented, epoxy-resin based coatings (BASF("
product under development) of about 20-pm thickness electrode-
posited in a pilot plant facility on bare and phosphated mild steel
were studied in aerated 0.5 M NaCl solution (analytical grade,
Merck)® at room temperature. Coatings obtained from two
batches and showing different protection properties in conventional
corrosion tests were used in the present study and are denoted as
(A) and (B) in the following.

Prior to each experiment, the coated specimens were de-
greased with acetone and rinsed with deionized water. The short-
time contact of acetone with the coating did not affect the coating
quality and the experimental results.

Measurements were also performed on coated samples with
drilled pores of 0.01-cm diameter in order to study coatings with
defined defects.

Experimental Setup

The electrochemical cell is schematically shown in Figure 1.
The area of the working electrode exposed to the electrolyte was
A = 20 cm?. A platinum gauze and a Hg/Hg,Cl, (KCI, saturated)
electrode served as counter and reference electrodes, respec-
tively. For EIS measurements, a platinum probe was coupled
through a 10 pF capacitor with the reference electrode. The cell
was placed into a Faraday cage in order to improve the signal-to-
noise ratio.

EIS measurements in the frequency range 1072 < f < 10°
Hz were carried out using a frequency response analyzer
(Solartron® 1174) and a specially developed potentiostat (BASF).
The measurements were digitally controlled by a computer system
(DEC* PDP 11/73) using a fully automated measuring routine.
Transfer function analysis was performed applying nonlinear fit
routines.'®

Measuring Routine

EIS measurements were carried out under potentiostatic con-
trol at the open-circuit potential as a function of the exposure time,
15 min < t < 264 h. The open-circuit potential was measured for t
= 15 min prior to each EIS measurement.

For disbonding experiments, the sample was held at a con-
stant cathodic potential of Egcg = —1250 mV. This cathodic po-
larization was interrupted for EIS measurements, which were
started after attaining a steady-state open-circuit potential within
about 15 minutes.

A logarithmic repartition of 8 frequency points per decade
was chosen with a measuring time of 10 sec or one total oscilla-
tion per point for lower frequency values. The amplitude of the si-
nusoidal system perturbation was 3 < AE < 10 mV rms, the cur-
rent ranges of the potentiostat were set according to the changing
impedance values. At lower frequency ranges, appropriate low-
pass filters were used to suppress noise.'’-'® Furthermore, to min-
imize the measuring time, only the current signal was measured at
frequencies f < 10 Hz and correlated to the output signal of the
frequency response analyzer (equipped with only one correlator).
Because potentiostats do not generate any potential phase shift or
amplitude attenuation at low frequencies, it is not necessary to
measure the potential signal in the low-frequency range
separately. The time stability of the systems studied was checked
by reversing the frequency sweep.

For the interpretation of the measurements, the technical limi-
tations of the data collection has to be taken into account. Thus,

(1) BASF AG, Ludwigshafen, FRG.

@ Merck and Co., Inc., Rahway, NJ.

) Solartron Instrumentation Group, Sangamo Weston inc., Irvine, CA.
) Digital Equipment Corporation (DEC), Maynard, MA.
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coated-sample (WE}

FIGURE 1. Electrochemical cell. WE = working electrode, CE =
counter electrode, RE = reference electrode.

the low-frequency part of the diagram can only be measured on
rather thin and/or imperfect coatings with an absolute DC coating
resistance of R < 10'° & using highly sophisticated current ampli-
fiers. At higher coating resistances, the impedance data are limited
by the input impedance of about 10'2 Q of the potential-measuring
field-effect transistors within the potentiostat. Additional limitations
may result from input protection circuits and atmospheric pollution
deposits on the electronic circuits.

Similarly, the complete high-frequency part of the diagrams
up to the high-frequency breakpoint, f,, of the coating capacitance
C, with the ohmic cell resistance R,® cannot be measured be-
cause of the bandwidth limitation of the measuring device. It can
easily be calculated that f,, is about at f = 8 MHz for a coating
thickness of about 20 pum."”

RESULTS AND DISCUSSION

Typical impedance spectra of an organic coating (A) depos-
ited on phosphated steel are shown in Figure 2.

Curve (a) corresponds to a quasi-ideal coating and does not
undergo any substantial variation even after an extended exposure
time up to half a year. A quasi-capacitive behavior with a high-po-
larization resistance in the order of magnitude of the measuring
limit (see previous section, Measuring Routine) is observed corre-
sponding to only one time constant. From the thickness of the or-
ganic coating and the measured capacitance, a dielectric constant
of e ~ 4.8 = 0.3 is evaluated.

Curves (b) and (c) were obtained on a nonperfect coating
due to a relatively poor application quality. In this case, the Bode
diagrams exhibit significant changes even after relatively short ex-
posure times. With increasing exposure time, the polarization re-
sistance decreases and an additional plateau develops at medium
frequencies as seen in the log Z vs log f plots. This plateau
corresponds to a minimum in the-phase angle & vs log f plots. The
break points in the log Z vs log f plots correspond to inflection
points in the ¢ vs log f plots indicating the different time constants.

® Under the given experimental conditions, the ohmic resistance was found to be
Rg =20 Qem? by measuring the solution resistance in the electrochemical celi
on a bare steel sheet. Typical organic coating layer capacitances are in the order
of magnitude of C_ < 107° Fem™2,
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FIGURE 2. Bode plots of organic coating A on phosphated steel. Quasi-ideal coating (a), non-perfect

coatings after exposure times: 1 h (b); 48 h (c).

A perfect dielectric coating can be described by the guasi-
homogeneous 3-D layer Model A (Figure 3). Its transfer function
Z, (corrected for Ry,) is well approximated by a parallel combina-
tion of the organic coating layer capacitance, C,, and the organic
coating layer resistance, R, :

Z(s)7' = Yus) = R, + sC, (1)
where Y| (s) denotes the admittance and s = jo with ® = 2%f. In
the case of a highly resistive coating, Z_ is mainly determined by
the capacitance C,.

A fit of the experimental curve (a) in Figure 2 using Equation
(1) with R, = 20 Q-cm? is shown in Figure 4. As can be seen, the
fit deviates at higher frequencies from the experimental data. This
is due to phase errors introduced by the electronic setup under
high capacitive load leading to a small frequency dispersion.
Therefore, the quality of the fit is improved slightly by use of the
dispersion formula:'*®

Z\(s) = R_[1 +(sCR)*™" e
with the empirica! exponent a (0 = « = 1) as demonstrated in Fig-
ure 5. The values C_ and R, can be considered as typical param-
eters for the undamaged coating. R, and R_ are used as invari-
able parameters in the following fits of nonperfect coatings.

In the presence of local defects, the coating behavior can be
described by an inhomogeneous 3-D layer model.2>~22 In this
case, the transfer function Z(s) consists of a parallel combination
of the impedance of the undamaged film areas Z, (s) and that of
conductive pathways Z_,.(s). In a first approximation, the admit-
tances of both values are weighted by the degree of coverage 6 in
the following way:

Z(s)™" = Y(s) = 8Y,(s) + (1 — 8)Yconls) (3)
where Y(s) and Y_(s) represent the overall admittance and the
layer admittance, whereas Y.(s) denotes the admittance of the
corrosion process that occurs at the substrate/electrolyte interface
at the bottom of “virtual pores” within the film. In particular, Y .(s)
is given by

Ycorr(s)_1 = Zcorr(s) = Hﬂ,,p«or + ZSR(S)[1 + SZSR(S)Cdl]_1 (4)
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where Ry, .. represents an electrolyte resistance within virtual or
real pores, Zgg, is the impedance of the surface reactions, and Cg
is the electrochemica! double-layer capacitance at the bottom of
the pores. In principle, corrosion reactions are considered to con-
sist of uncoupled anodic and cathodic partial reactions. Therefore,
the impedance Zgr(s) can be described by a parallel combination
of Zgp o(s) and Zgg +(S) corresponding to the anodic and cathodic
partial reactions:
Zsp(s) " = ZspalS) ™' + Zspels) ™ (5)

The surface reaction impedances Zgp ,(s) and Zgp .(S) are, in gen-
eral, complex functions determined by charge transfer, mass
transport, chemical reactions, and electrocrystallization steps.

In a first approximation, Zgg(s) can be replaced by the polar-
ization resistance R, of the corrosion process (Model B, Figure 6):

(6)

Figure 7 shows a fit of curves (b) and (c) in Figure 2 using Equa-
tions (2), (3), and (6), R, = 20 Q-cm? and R_ from the fit of the
perfect film according to Equation (2). Fit and experimental data
deviate more significantly for curve (c) than curve (b).

A much better fit for curve (c) is achieved using the disper-
sion formula

Ycorr(s)_1 = Zcorr(s) = Rﬂ,por + Rp[1 + SI:‘pCdI]_1

Ycorr(s)_1 = Zcorr(s) = I:‘Q.por + Rp[1 + (SHpCdI)O‘I]_1 (7)
as shown in Figure 8.

Fit parameters determined for the two different coatings (A)
and (B) on bare and phosphated mild steel depending on the ex-
posure time are listed in Table ta. From the (1 — 0)C,, values in
Table 1a, the value of 6 can be calculated assuming a constant
value of Cy = 25 x 1078 F-cm™2, which is reasonable for a bare
and quasi-homogeneous iron metal surface in contact with NaCl
electrolyte.?®2* Then, the specific parameters C(, Rg por R, and
the active surface area (1 — 8)A can also be evaluated. These
data are listed in Table 1b.

Principally, in the case of delamination effects, the active
area at the metal/coating interface (1 — 8,)A increases with the
exposure time, whereas the area at the coating/electrolyte inter-
face (1 — 6,)A corresponding to the number and geometry of
coating defects varies much less as can be seen by optical
means. Using 8, instead of 8, causes only insignificant errors in
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FIGURE 3. Quasi-homogeneous 3-D surface layer Model A according to Equation (1). M: metal
substrate; L: layer of organic coating; El: electrolyte. Simulation parameters: Ry, = 20 Q-cm? R, =

10°° Q-cm?, C, = 107° Fem™2.
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FIGURE 4. Fit of the experimental data of curve (a) in Figure 2 with
Model A according to Equation (1). Fit parameters: R, = 5.5 x 10°

Qem? C, = 2.4 x107° Fem™2
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FIGURE 5. Fit of the experimental data of curve (a) in Figure 2 with
the modified Model A according to Equation (2). Fit parameters: R,
= 6.0x 10° Q-cm? C,= 2.8 % 107" Fem™2, o = 0.97.

C., but may affect the absolute value of Rq ,, for (1 — 8) < 1.
Therefore, delamination effects can be better correlated to the
width of the plateau at medium frequencies originated by
Ropo/(t — 8). This plateau width is determined by the effective
capacitances 6C_ and (1 — 6)C, as can be seen in Figure 6.

As is shown in Table 1b, the organic coating layer capaci-
tance, C_, remains nearly constant. The corresponding low varia-
tion of the dielectric constant ¢ indicates that the organic coating
material changes only very slightly. Water uptake of the organic
coating can be neglected. This holds even for much longer times
of continuous exposure (up to half a year) of coatings of this type
without local defects. For the samples under test, the pore resis-
tances, Rq o tend to decrease within the first 24-h exposure
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time, but can increase afterwards. This effect can be explained by
a partial plugging of the pore channels with corrosion products and
an increasing difference between 6, and 6, with increasing expo-
sure time. The polarization resistance, R, increases significantly
on bare steel and remains nearly constant on phosphated steel
with exposure time. The increase of R;, on bare steel may be con-
nected to the formation of porous corrosion product layers acting
as an interphase inhibitor on the corroding metal surface. This is
obviously not the case on phosphated steel. The active surface
area {1 — 6)A increases with the exposure time in good agree-
ment with an observed delamination of the coating from the metal-
lic substrate. However, visual verification of delamination (Figure
9) requires considerably longer exposure time than the 48 hours
for the Table 1 data.
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FIGURE 6. Inhomogeneous 3-D surface layer Model B according to Equations (3) and (6). Simulation
parameters: Ry, = 20Q-cm? R, = 10"° Q-cm? C, = 107 °Fem 2 a = 1, Ry po, = 10° Q-cm?, Ry

= 105 Q-cm? Cy = 30 x 1076 F-ecm™2, 6 = 0.995.
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FIGURE 7. Fit of the experimental data of curves (b) and (c) in
Figure 2 with Model B according to Equations (2), (3), and (6).

Fit parameters:

Curve (b): 6C, = 8.2.1077° F-cm™2, o = 0.96, Rq po /(1 — 0) =
3.5 x 107 Q-cm?, R /(1 —8) = 5.6 x 10° Qem?, (1 —8)Cy =
2.7 X 107" Fem™2,

Curve (c): 0C, = 6.6 x 107 Fem™, o = 0.91, Rqpol(1 — 0) =
5.8 x 10° Qrem? R,/(1 -6) = 1.9x 10 % Q-cm? (1 - 8(Cy =
1.1 x 1077 F-em™2.

The physical meaning of the exponent o’ in Equation (7} is
usually interpreted by either transmission line effects®*7~'* or sur-
face and/or film inhomogeneities. 20222530 previously it has
been shown2®22 that corrosion processes in the presence of po-
rous 3-D layers consisting of corrosion products or oxides can also
be analyzed using a 3-D surface inhomogeneity model with the
approximations

Zgra(s)/(1 = 8) = Rye @)
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FIGURE 8. Fit of the experimental data of curves (b) and (c) in
Figure 2 with the modified Model B according to Equations (2), (3),
and (7).

Fit parameters:

Curve (b): 6C, = 2.9 X 107"° F-em™2, a = 0.96, R 0 /(1 — 6) =
3.3 x 107 Q-cm? Ry/(1~9) = 5.6 x 10° Q-cm?, (1 -0)Cy =
2.8 X 107"° F-em™2, o’ = 0.99.

Curve (¢): 8C, = 3.9 X 1079 F-em™?, a = 0.94, Ry, o /(1 — 6) =
5.0 x 10° Q-cm?, R, /(1 —6) = 2.3 x 10° Q-cm?, (1 -9)Cy =
1.8 X 1077 Fem™2, o = 0.70.

and

ZSr,c(s)/(1 - e) = ZT.eff (9)

where Ry, denotes a mean resistance for the mainly charge-
transfer controlled metal dissolution process, which depends on
the electrode potential, and Z; . is an effective transport imped-
ance for a mainly mass-transport controlled cathodic corrosion re-
action, both processes occurring at the bottom of the pores:
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TABLE 1a
Optimum Fit Parameters of Impedance Data®™
for Imperfect Organic Coatings (A) and (B)
on Bare and Phosphated Mild Steel

t 6C, Ry pord(1 - 8) RJ/(1 - 0) (1-6)Cqy .

System ) (Fem™2) (Q-cm?) (Q-em?) (F-em™2) @ @
bare steel/ 025 324 x107'° 1.05 x 10° 217 x10° 1.74x107"" 0959  1.000
coating (A) 24 5.93 x 1071 4.40 x 10° 745 x 107 7.55 x 10~° 0908 0817
48 3.24 x 107° 8.56 x 10° 1.07 x 107 574 x 1077 0860  0.758
bare steel/ 025 674 x 107 1.30 x 10° 531 x 107 4.60 x 107° 0800  0.787
coating (B) 24 2.88 x 1071° 6.17 x 10° 1.77 x 107 161 x 1077 0.964 0.698
48 3.93 x 1070 9.72 x 10* 148 x 107 508 x 1077 0940  0.745
phosphated 0.25 293 x 107" 2.18 x 108 561 x10° 604x10°"" 0962  1.000
steel/ 1 2.86 x 1071 3.28 x 107 559 x 10° 279 x107'° 0962 0988
coating (A) 48 393 x 107" 5.04 x 10° 232 x10°  1.82x1077 0939 0702
phosphated 025 272 x 107" 6.20 x 107 589 x 10° 532x107'?2 0974 0958
steel/ 24 2.84 x 1071° 461 x 107 158 x 107 1.49 x 107° 0870  1.000

{A'Depending on the exposure time, t, using the modified Model B according to Equations (2), (3), and (7).

TABLE 1b
Calculated Specific Parameters™
for Imperfect Organic Coatings (A) and (B)
on Bare and Phosphated Mild Steel

Co

Ry por

Active Surface Area

System =2 o P (] (1 - 8)A
{h) {Fcm™?) {(t-em?) {{l-em?) (em?)

bare steel/ 0.25 3.24 x 107 7.31 x 102 1.51 x 10° 0.99999930 1.39 x 107°
coating (A) 24 593 x 107" 1.33 x 102 2.16 x 10* 0.99969800 6.04 x 1072

48 332 x10°'° 1.97 x 10° 2.46 x 10° 0.97704000 459 x 107!
bare steel/ 0.25 6.74 x 107 '° 2.39 x 107 977 x 10° 0.99981600 3.68 x 1073
coating (B) 24 290 x 107 '° 3.97 x 10' 1.14 x 10° 0.99356000 1.29 x 107!

48 4.01 x 107" 1.98 x 10° 3.01 x 10° 0.97968000 4.06 x 107!
phosphated 0.25 293 x 1070 5.27 x 10? 1.36 x 10* 0.99999758 483 x 107°
steel/ 1 2.86 x 107 3.66 x 10? 6.24 x 10* 0.99998884 223 x 107*
coating (A} 48 3.96 x 1070 3.67 x 10° 1.69 x 10* 0.99272000 1.46 x 107!
phosphated 0.25 272 x 1071 1.32 x 10’ 1.25 x 10° 0.99999978 4.26 x 10°°
steel/ 24 2.84 x 10710 275 x 10° 9.42 x 102 0.99994040 1.19 x 1073

(MDepending on the exposure time, t, using the modified Model B according to Equations (2), (3), and (7).

FIGURE 9. SEM study of a local defect in organic coating (A) on
phosphated steel after an exposure time of t = 10° h.

th (s + W)/D]'

lel(s + W)/D]'2 (10

Z1 en(S) = Ryen

where Ry o denotes an effective transport resistance, |y is an ef-
fective diffusion length, W represents a rate constant for lateral
transport effects, and D is the diffusion coefficient of the electroac-
tive species.
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An application of this Model C with 8 adjustable fit parame-
ters (6C, o, Ry por/(1 — ), Ryes Ryt los W, and (1 — 6)Cy) to
the experimental data typically represented by curves (b) and (c)
in Figure 2 does not give significantly better fits. This means that
the system under test is reasonably characterized by the 6 adjust-
able fit parameters (8C,, Rq o /(1 — 6), Rp/(1 — 8), (1 — 8)Cy, ,
and a') of the semi-empirical Model B described by Equations (2),
(3), and (7). However, the transfer function is actually affected by
a restricted number of only 3 parameters within a particular fre-
quency range as shown schematically in Figure 6. Obviously, a
separation of the components of Zgg(s) becomes difficult for rela-
tively high values of R, ,o /(1 — 6)."*

Summarizing the results of Table 1, the organic coating (B)
on phosphated steel shows a better bonding to the substrate than
coating (A) indicated by the values of the active surface area. On
bare steel, both organic coatings show much higher delamination
effects with increasing exposure time.

The results in Table 1 depend to a certain extent on small
defects of the coating (random in number and size) existing in the
studied surface area of the sample. In order to eliminate such un-
defined effects, organic coatings (A) and (B) on mild steel were.
investigated by EIS depending on the exposure time after drilling
artificial pores of 0.01-cm diameter. The resuits after exposure at
the open-circuit potential and after cathodic disbonding are sum-
marized in Tables 2 and 3, respectively.

Optimum fits of the experimental data in Tables 2a and 3a
and the calculated specific parameters in Tables 2b and 3b were
obtained using either the modified Model B according to Equations
(2), (3), and (7) or Model C according to Equations (2) through (5)
with the approximations in Equations (8) through (10) as demon-
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TABLE 2a
Optimum Fit Parameters of Impedance Data™
for Organic Coatings (A) and (B)
with Drilled Artificial Pores on Bare Mild Steel

t 6C, Ru.por/(1 —8) Rpl(1 = 8) (1 - 68)Cq .

System o) (Fem™2) {rem?) (@rem?) (Fem™2) B *
bare steel/ 0.25 295 x 1071 594 x 10° 6.54 x 107 2.80 x 1078 0.956 0.572
coating (A) 24 2.93 x 10710 7.67 x 10* 200 x 107 552x1077 0966  0.640
264 3.54 x 1071° 574 x 10°® 5.46 x 10° 1.81 x 1077 0.954 0.397
bare steel/ 025 263 x1071° 7.10 x 10* 727 x 107 277 x107° 1000  0.738
coating (B) 24 2.38 x 1071 4.87 x 10° 1.84 x 107 141 x107% 0996  0.816
264 3.13 x 10710 1.33 x 107 845 x10°  1.04 x 1077 0970  0.607

MDepending on the exposure time, t, using the modified Model B according to Equations (2), (3), and (7).

TABLE 2b
Calculated Specific Parameters®™
for Organic Coatings (A) and (B)

with Drilled Artificial Pores on Bare Mild Steel

Active Surface Area

t L R por b -
System () (Fem-3) (0-cm?) (Q-cm?) o (1 - 94
[em®)

baresteell 025  295x 107  665x10'  7.32 x 10°  0.99888000 2.24 x 1072
coating (A) 24 300 x 107 169 x 10° 442 x 105  0.97792000 442 x 107
264 357 x 1070 416 x 10° 395 x 10°  0.99276000 145 x 10~
bare steel 025 263 x 107 787 x10°  B.O6 x 10°  0.99988920 222 x 10-

coating (B) 24 252 x 1070 275 x 10* 104 x 105 094360000 113 x 10°
264 314107 553 x 10* 352 x 10°  0.99584000 832 x 1072

ADgpending on the exposure time, 1, using the modified Mode! B according to Equations (2), (3), and (7).

for Cathodically Disbonded Organic Coatings (A) and (B)

TABLE 3a
Optimum Fit Parameters of Impedance Data™®

with Drilled Artificial Pores on Bare Mild Steel

t 6C, R, pod(1 = 6) R/(1 - 6) (1 - 6)Cq
System ) {Fom-?) {tr-cm?) (@-cm?) (F-em™3) « «
bare steel/ 025 278 x 1071 3.75 x 10* 3.95 x 107 9.88 x 107° 1.000  0.820
coating (A) 2 2.84 x 107'° 6.01 x 10* 3.88 x 107 4.77 x 1078 1.000 0.653
96 3.01 x 10710 453 x 10° 3.58 x 107 7.08 x 1078 1.000 0705
bare steel/ 4 2.43 x 10710 6.01 x 10° 2.62 x 107 1.15 x 10" 8 1.000  0.733
coating (B) 58 242 x 107%° 7.20 x 10° 1.35 x 10° 591 x 1077 1.000 0.810

"Depending on the exposure time, t, using the modified Model B according to Equations (2}, (3), and (7).

TABLE 3b
Calculated Specific Parameters™

for Cathodically Disbonded Organic Coatings (A) and (B)

with Drilled Artificial Pores on Bare Mild Steel

Active Surface Area

t c R
System Tt et (12 1 (1 - 6)A

(h) (F-cm ™) (fr-em?) ({2:cm?) (em?)
bare stesl/ 0.25 2.78 x 1071° 1.48 x 10" 1.56 x 10* 0.99960480 7.90 x 1072
coating (A) 2 2.85 x 1071° 1.15 » 10? 7.40 x 10°* 0.99809200 3.82 x 1072
96 3.02 x 10710 1.28 » 102 1.01 x 108 0.99716800 5.66 x 1072
(9.00 x 1073
bare steel/ 4 2.43 x 10710 2.76 x 10 1.21 % 104 0.99954000 9.20 x 107°
coating (B) 58 2.48 x 10710 1.70 x 10° 3.19 x 10° 0.97636000 473 x 107
(4.40 x 1077)

(ADepending on the exposure time, t, using the modified Model B according to Equations (2), (3), and (7). The active surface
areas given in parentheses correspond to adhesive puliing-off at the end of the tests.
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strated in Figure 10. Obviously, the accuracy of the experimental
data is not sufficient enough to distinguish between Models B and
C.

The results in Table 2b show a strong increase of Rq ;. with
extended exposure time which must be due to the plugging of the
drilled pores with corrosion products since the effective values
Rapo/(1 — 8) even increase strongly. In this case, the corrosion
process at the metal/coating interface can no longer be analyzed
quantitatively. In order to eliminate these complications, cathodic
polarization was applied to suppress the anodic metal dissolution
process and to enhance the delamination effect.

The prerequisite to the assumption Cy =~ 25 x 107¢ F-em™2,
namely a quasi-homogeneous surface, is best met under this con-
dition. The data in Table 3b show a continuous increase of the
delaminated surface area with increasing exposure time. This is
also evident from the increasing width of the plateau caused by
Rqpo/(1 — 6). The result presented in Table 3 show clear differ-
ences in the delamination behavior of the coatings (A) and (B),
which is in very good agreement with conventional non-electro-
chemical exposure tests such as salt spray and climate-changing
testing.®*

The active surface areas obtained by EIS and given in Table
3b are in a good agreement with optical measurements of the de-
laminated surface area after adhesive pulling-off. These values are
given in Table 3b in brackets. Calculating C from these data
yields Cy4 = 22 x 107® to 25 x 107® F-cm~2, which is in agree-
ment with the assumptions made above.

A Warburg-like behavior of organic coatings on phosphated
steel at relatively low frequencies has been reported by Mansfeld
et al.®' This effect was attributed to an inhomogeneous current
distribution caused by the formation of phosphate crystals leading
to transmission line effects. In the present study, the relatively low
values of o’ in Tables 2b and 3b may also be caused by an inho-
mogeneous current distribution due to a partial blocking of the
metal surface by corrosion products and complicated mass trans-
port processes within the pores.

CONCLUSIONS

P> EIS measurements of organic coatings on steel exposed to
neutral aqueous solutions provide a powerful tool to characterize
their corrosion protection value. in this paper, the transfer function
analysis is carried out to describe quantitatively perfect and imper-
fect coatings using the quasi-homogeneous 3-D surface Model A
and the inhomogenous 3-D surface Models B and C. |t is demon-
strated that Model B is a simplification of Model C and Model A
represents the limiting case of Model C for Rq, oo, — =, i.e., the
perfect coating. The imperfect coatings show 3-D inhomogeneity
effects which can be taken into account either by an empirical ex-
ponent « in the Model B or by lateral transport contributions of the
corrosion reaction in Model C. The corrosion process at the metal/
coating interface is well described at relatively low frequencies by
the polarization resistance, R,, in Model B, the anodic charge
transfer resistance, Ry, and the cathodic transport impedance,
Zr o, In Model C as well as the double-layer capacitance, Cy. EIS
has a high sensitivity to detect local defects within the organic
coating characterized by Rg, ... It is proposed that delamination
effects can be estimated from the width of the plateau caused by
Rq,por in the medium frequency range. The capacitance of the or-
ganic coating, C, can be determined from the high-frequency part
of impedance spectra even of damaged films in the presence of
sufficiently high values of Ry, ... The film resistance, R, can only

be approximated from low-frequency impedance data of undam-
aged organic coatings.

P The characterization of the corrosion protection by imperfect
organic coatings can become difficult for long-time exposure at the
corrosion potential if insoluble corrosion products cover the anodic
area at the metal/electrolyte interface and plug the pores. There-
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FIGURE 10. Fit of experimental phase angle data (x) obtained on
organic coating (B) with one drilled artificial pore of 0.01-cm
diameter on bare mild steel after an exposure time of 24 h at the
open-circuit potential:

(a) Fit corresponding to the modified Model B according to
Equations (2), (3), and (7). Fit parameters: 6C, = 2.4 x 107'°
Fem™2 a = 0.99 Rg ,0/(1 = 8) = 4.9 x 10° Q-cm?, R /(1 — 6) =
1.8 x 107 Q-cm?, (1 - 8)Cy = 1.4 X 107 Frem™2, o = 0.82.

(b) Fit corresponding to Model C according to Equations (2) through
(5) with the approximations in Equations (8) through (10). Fit
parameters: 6C, = 2.4 x 107'° F.em™, a =~ 1, Rg 0 /(1 — 8) =
4.9 X 10° Q-cm? Ry = 107 Q-CM?, Ry oy = 1.3 X 107, Iy = 0.021
em W=0s"",(1-6)Cy=93%x107 Fcm™2,

fore, delamination effects can be better characterized using ca-
thodic polarization conditions avoiding these complications. Ca-
thodic polarization also accelerates the disbonding of the organic
coating. This technique generally agrees with different testing
standards such as ASTM® G 8 or G 42.
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Some Advantages and Pitfalls
of Electrochemical Impedance Spectroscopy ~

D.D. Macdonald

ABSTRACT

The use of electrochemical impedance spectroscopy (EIS) in cor-
rosion research is briefly reviewed with particular emphasis on
the advantages offered by this technique over other electrochemi-
cal methods. These advantages include the fact that it is a
steady-state technique, that it employs small signal analysis, and
that is capable of probing relaxations over a very wide frequency
range (<1 mHz to >1 MHz) using readily available istrumenta-
tion. EIS also has the enormous advantage over classical tran-
sient techniques in that the validity of the data is readily checked
using the Kramers—Kronig transforms. The principal pitfall of the
method is the tendency of many workers to analyze their data in
terms of simple equivalent electrical circuits, and hence to ignore
the great power of EIS for deriving mechanistic and kinetic infor-
mation for processes that occur at a corroding interface.

KEY WORDS: corrosion rate, electrochemical impedance spec-
troscopy, reaction mechanisms.

INTRODUCTION

Electrochemical impedance spectroscopy (EIS) is now well
established'® as a powerful technique for investigating electro-
chemical and corrosion systems. The power of EIS lies in the fact
that it is essentially a steady-state technique that is capable of ac-
cessing relaxation phenomena whose relaxation times vary over
many orders of magnitude. The steady-state character permits the
use of signal averaging within a single experiment to gain the de-
sired level of precision, and the wide frequency bandwidth (108 to
10~ Hz) that is now available using transfer function analyzers
permits a wide range of interfacial processes to be investigated.
These features generally surpass the equivalent performance
characteristics for time domain experimental techniques,® so that
EIS has rapidly developed as one of the principal methods for in-
vestigating interfacial reaction mechanisms.

* Submitted for publication May 1989; in revised form, October 1989. Presented as
paper no. 30 at CORROSION/89 in New Orleans, Louisiana, April 1989.
* SRI International, 333 Ravenswood Ave., Menlo Park, CA 94025,

In this paper, the foundations of EIS are briefly reviewed with
particular emphasis on corrosion science and engineering. Be-
cause impedance spectroscopy is a relatively new technique, at
least in its abplication in corrosion science and electrochemistry,
its theoretical basis has not been extensively treated in standard
texts. Accordingly, we begin this review by discussing, in very gen-
eral terms, transfer-function analysis before progressing to the
much more specific task of illustrating the advantages and pitfalls
of EIS as it is employed in the study of corrosion processes.

Unfortunately, there is no “easy” way of developing the skills
and expertize necessary to properly interpret impedance data. Ac-
cordingly, it is essential that the reader follow the mathematical
developments presented in this paper, as well as develop an ap-
preciation for the electrochemistry involved in the various analyti-
cal techniques. Because this paper is intended to be tutorial in na-
ture and to illustrate some of the advantages and pitfalls of EIS,
the essential mathematical arguments are developed in detail and
in some length, rather than simply stating the problem and pre-
senting the solution. While this renders the discussion somewhat
verbose, it does allow the reader who is not familiar with EIS to
grasp the mechanics of analyzing impedance data. Where appro-
priate, the analytical methods are illustrated by reference to exper-
imental studies that have been reported in the literature.

FUNDAMENTALS

The response of any linear system to a perturbation of arbi-
trary form may be described by a transfer function

H(s) = V(s)/I(s) 1)

where s is the Laplace frequency, and V(s) and I(s) are the La-
place transforms of the time-dependent voltage and current,
respectively.® In terms of the steady-state sinusoidal frequency
domain, the transfer function becomes
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