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Investigating Localized Degradation of Organic Coatings

Comparison of Electrochemical Impedance Spectroscopy with Local
Electrochemical Impedance Spectroscopy

L. V. S. Philippe? G. W. Walter,” and S. B. Lyorf*

&Corrosion & Protection Centre, University of Manchester Institute of Science and Technology, Manchester,
M60 1QD, United Kingdom
bUniversity of Wollongong, Faculty of Engineering Materials, New South Wales, Australia

The degradation of polyester coil-coated galvanized steel was compared using both convém@mmascopig and localized
electrochemical impedance techniques on the same specimen and within a time ifitearal much shorter than the total
immersion perioddays. Specimens containing a central 2t laser-ablated defect in the organic coating layer were immersed

in a 10 mM NacCl solution for up to 30 days. The local multifrequency impedance was determined by placing a novel impedance
probe, either directly above the coating defect or above an area of intact coating. In addition, single frequency impedance mapping
of the specimen surface was carried out at 1 kHz and compared with optical microscopy of the surface. The results demonstrate
clearly that macroscopic electrochemical impedance provides a surface-averaged measurement of the properties of the coating,
plus any defects, and that where several time constants are apparent, they are not uniquely separable into physical processes. Thus,
macroscopic impedance spectra convolute the separate responses of the coating and defect together. However, local electrochemi-
cal impedance can effectively separate the local properties of the organic coating from the local electrochemical behavior at a
coating defect.

© 2003 The Electrochemical Society.DOI: 10.1149/1.155491)3All rights reserved.

Manuscript submitted April 24, 2002; revised manuscript received October 15, 2002. Available electronically February 25, 2003.

Organic coatings are widely used to prevent corrosion of metalsdiscovering the causes of local coating breakdown; therefore, a bet-
in industry and as decorative finishes. To be effective, an organider understanding of the surface phenomena is needed. These phe-
coating should act as a good ionic and electronic barrier to thenomena include parameters such as physical and chemical properties
environment and/or contain an active inhibition systehiowever, of the coating itself, the behavior of the corrosion process and its
because no coating is perfect, corrosion tends to initiate at the areagature, and the form of localized corrosion.

of lowest ionic resistance. Such areas canebg, localized at cut Local electrochemical impedance spectroscpilS) is a re-
edges on metallic structures or at intrinsically defective areas on theent technique1® that has the potential to provide this required
surface. information and therefore is complementary to EIS. In the past few

Once the corrosion is initiated at a defect, it can spread veryyears, previous studies were carried out to develop viable LEIS
quickly, leading to the delamination of the paint: water absorption techniques. Much work has focused on the improvement of the tech-
and diffusion leading to a loss of coating adhesion when it reachegiique itself:® such as the design of the microreference electrodes
the coating/substrate interface. The degree to which permeated wat@nd the way of measuring the local impedance to improve the sen-
changes the adhesion properties of the coated system is often reitivity and the spatial resolution of the technique. In parallel, LEIS
ferred to as its wet adhesidii.Once the water volume under the has been tested successfully on different materials for a large range
coating increases, a mechanical stress is created, which leads to & applications.’18
increase of the nonadherent surface. All the conditions, such as the The present study presents a comparison between conventional
availability of the specie$éwater, oxygen, etg, for corrosion reac-  macroscopic EIS and LEIS. We show that EIS produces a surface-
tions and hydrodynamic delamination due to osmotic pressures, argveraged measurement, which is not relevant if the interest is to
met for corrosion initiation. An overview of the different corrosion focus on local corrosion phenomena, whereas LEIS can give extra
phenomena on polymer-coated metals can be found in Leidheiser’#formation about the corrosion process and its nature in a localized
review? manner. Surface impedance mapping at a single frequency gives

Coated systems normally corrode along the polymer/metal interfurther information, such as the location of defects responsible for
face. Many models have been proposed in the literature to explainocalized corrosion.
this. However, the two definitve models are cathodic
delaminatio”” and anodic undermining® These two mechanisms
can coexist, and in one system, for example, both mechanisms may Principles of LEIS
occur at the same time or at different times depending on the com- | E|S measurements, which may be performed under potentio-
position of the environment and the progress of the disbondingstatic or galvanostatic control, are determined from the ratio of the
front. This suggests that the mechanism of coating disbondment igocal electrochemical potential of the substrate to the local flow of
complex and depends on the metallic substrate, the composition ofyrrent in the solution above the substrate. To measure these quan-
its passweo layer and corrosion products, and on transportities, a multielectrode localized probe is used. Various geometric
phenom_ené. _ arrangements have been proposed; all have the key features of ver-

_ Despite many years of research, study of the localized degradagcally displaced dual probes for measuring the local current flow in
tion around a coating defect remains difficult mainly because thissolution and a remote counter electrode. Many arrangements also
process is localized. Electrochemical impedance spectros€&sBy  use a remote reference electrode; however, this introduces a signifi-
which has been proved a very effective tool for the study of paintcant error in measurement because what is required is the local
properties on metal substratesfails to provide information about  electrochemical potential. In this work, dual current sense electrodes
the local electrochemical mechanisms involved in localized corro-are also used. However, the electrode closest to the substrate also
sion processes. However, because EIS provides valuable informgynctions as the reference electrode for the surface potential, thus
tion about the quality of a coating,there is considerable interestin - providing a more accurate local measurement. The three-electrode
impedance probe is shown in Fig. 1.
In solution, the alternating applied voltage differenta&/, asso-
Z E-mail: s.b.lyon@umist.ac.uk ciated with the alternating curretac) flow is measured between the
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collected by the probe. Although this does not alter the form of the
impedance plot, the absolute scale is then in error. Hence, for each
particular probe design and at every height above the surface, a
calibration factor for the current collection efficiency must be deter-
mined to derive the true impedance values.

Experimental

This study has been performed on industriabil) coated-
galvanized steel with a 2hm hot-dip zinc layer, strontium chro-
mate pigmented epoxy priméb-6 wm), and a polyester topcoat
(25-28 um) as working electrode. Samples were of area 3 with
a centered laser-ablated hole, of 250 diam (through the coating
to the zinc substrate, not exposing the gte€hus, the defect area

Figure 1. Schematic of the three-electrode impedance probe of the LEISwas 0.015% of the intact coating area. All impedance measurements

system(not in scalg.

lower two probe electrodes. The local current densjty, is then
calculated

. AV, K
loc = dOC (1]

whered is the distance between the tips of the dual probelansl
the bulk conductivity of the electrolyte. The local impedarigg,,
is then calculated directly

Zipe = 7 (2]

lloc

where V| is the alternating perturbation in potential of the sub-
strate, measured at the lowest electr@de, that closest to the sur-

face), because of the applied ac signal.

were performed in a 10 mM NaCl solution of conductivity
1.1mScm?t.

The microreference electrode used for the LEIS measurements
consisted of a platinum microdisk tigiam 200w.m) and platinum
ring electrode vertically separated by 3 nisee Fig. 1 A remote
platinum ring electrode was also placed vertically 3 cm above the
lowest electrode. Thus, the electrochemical cell used a four-
electrode system.

Impedance measurementdMacroscopic EIS measurements
used a classic three-electrode system for bulk impedance with a
saturated calomel electrode as reference electrode and a platinum
flag as counter electrode. A Solartron 1250 frequency response ana-
lyzer (FRA) and a Solartron 1286 potentiostat were used. The EIS
frequency range was 20 kHz to 0.1 Hz with an applied ac perturba-
tion of 20 mV rms.

LEIS measurements used a four-electrode systmown sche-
matically in Fig. 2 where the platinum counter electrode slides
vertically above the dual-electrode probe, as stated previously. The
scan head containsy,z direction stepping motors that allow pre-

The preceding treatment does not take into account the height ofise positioning of the probe. The potential difference between the
the probe above the surface and assumes that the current density dial electrodesi.e., the current sengds amplified using an elec-
probe height is the same as that at the surface. In reality, only drometer set to a gain of times 10; in addition, the lower electrode of
fraction of the current flows normal to the sample surface and isthe probe is buffered at unity gain by a separate, electrically isolated

FRA
1275 Scan Head [ 1275 Control
'_C‘) g Unit Gen Ch2 Chl
AVee  REF . RelloNeRaNe
o LEIS interface GPIE_, |

Electrometer card o O

POLI/P Vou
GPIB card Potentiostat
Computer RE2 CE RE1 WE
Q Figure 2. Schematic diagram showing
] the complete LEIS system, including po-
tentiostat and FRA.
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electrometer. A Solartron 1250 FRA and a 1286 potentiostat werecurrent measurements for calculation of impedance at each measure-
used in conjunction with a Uniscan Instrumemty,z positioning ment point. For measurements at the corrogi@s) potential, an
system(1275. The 1286 controls the sample potential using the alternative dual floating input electrometer amplifier module is used,
lower electrode on the probe as a reference. For potentiostatic meand the potentiostat is configured as a galvanostat with an appropri-
surements, a single ended input, working electrode earthed, eleate current range chosen to restrict the sample potential perturbation
trometer amplifier module is used, and the system may be controlledh the range 10-20 mV rms. The frequency range used was generally
at any desired potential with the 1250 recording ac voltage and20 kHz to 0.1 Hz. However, due to the small areas of the platinum
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microelectrodes, measurements at frequencies of the order of 1 Hing the defect. Immediately following such measurements, separate
or less were restricted due to noise. The Uniscan Instruments contrdlEIS data were also obtained on the same sample directly above the
software collects the data automatically and displays them in thedefect and also above the same intact area of the coating. Thus, the
form of Nyquist and Bode ploténultifrequency measuremgnarea  time interval between the EIS and the LEIS measuremgusrs
maps, and line graphsingle frequency measuremgnt was much shorter than the total immersion periddys. Impor-

At intervals for a total of 30 days immersion, conventional EIS tantly, the area of intact coating from which measurements were
measurements were carried out on the macroscopic sample includaken was located along the diagonal of the square exposed sample
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Figure 5. Nyquist and Bode plots of the LEIS response on polyester coil-coated galvanized steel above an area of intact co&ing détgs,(b) 12 days,
and(c) 30 days of immersion.

at 1 cm from the defect. Thus, the probe was 40 times the defecproperties of the macroscopic surfa@ee., intact coating-defect)
diameter away and, at 36m from the surface, was 400 times closer ith the addition of a limited-layer Warburg diffusional element,
to the intact coating than to the defect. Finally, impedance mappmghSol + [CPEqpal/(Reoat + Wo) 1, WhereCPEy.y, Rugerare the gen-

of an area (5000x 3750pm) of the specimen including the defect eralized, averaged capacitance and resistance of the electrochemi-

was then carried out at a single frequency of 1 kHz. The probe was ) . . .
moved in thex andy directions using stepper motors with the probe cally active aredthe intact coating plus defocandWs is the War-

tip placed 25+ 1 m above the sample. burg impedance. After longer immersion times, the response from
the macroscopic surface is consistent with a generalized 2-time con-
Results stant impedance model for a defective coated surface where a sec-

. . . . ond parallel resistor/constant-phase ter@PE, //R.), associated
Conventional impedance-The Nyquist and Bode plots obtained _ . : .
by conventional im?)edance measﬁ?ements after 3p 12 18. and SWIth the electrochemistry at the coating defédharge-transfer re-
days of immersion are presented in Figures 3a-d, respectively. AfiStance and double-layer capacitance, respeciiagpears; Rso

shorter immersion times, the response from the macroscopic surfacé [CP Ecal//(Reoat ¥ CPEq//R)]). Thus, with increasing time

is consistent with a single time constant process plus diffusion.of immersion, which results in an increased active corrosion area at
Thus, a solution resistancdR{) appears in series with a parallel the defect site, diffusion becomes less important, charge-transfer
resistor/constant-phase element RE.,.//R.0a) related to the  processes begin to predominate, and the full model is appropriate.
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0.8 Dusplacement ¥T

Figure 6. Optical images and corresponding 1 kHz impedance maps of the specimefapBeatays,(b) 18 days, andc) 30 days of immersion.

LEIS, multifrequency impedance at a single ps#the local solution resistance Ry appears in series with charge transfer
impedance response directly above the laser-ablated defect is pré CPE//R) plus a limited-layer Y Warburg, illustrating initial
sented in Fig. 4a-d for 3, 12, 18, and 30 days of immersion, respecpredominant diffusion controlplus charge transferat the defect.
tively. Here, at shorter immersion times, the LEIS data resemble aAfter 12 days, the low frequency response tends to a capacitive
single time constant process with diffusion. Thus, after 3 days, aelement that is consistent with diffusion through a porous corrosion
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specimen at all days of immersionR, represents the solution resistance,
RcoatiS the coatingt pore resistances PE, 4 is the coating+ pore capaci-
tance,CPE is the defect corrosion double-layer capacitance, Rpds the
defect corrosion charge-transfer resistance.

0 6 12 18 24 30 36
Days of inmersion

Figure 8. CPE,yandR ., values of the system measured by conventional
impedance with immersion time.
product layer. On continuing immersion, the rate-determining step
changes to that of predominant charge-transfer coifpiols diffu-
sion) after 30 days.
In comparison, the local impedance responses over the intact

coating shown in Fig. 5a-c for 3, 12, and 30 days of immersion, areconsistent with the equivalent circuit of Fig. 7. The higher frequency
distinctly different from the local responses ab_ove thg defect. Thusprocess, similar to that observed after 3 days, represents the macro-
they reveal on_Iy a _grad_ually changlng s!ngle time conStamscopic coatingt defect propertiesR ./ CPEoa). The lower fre-
(CPEcoarl/Reoad in series with the solution resistancly. quency time constantR/CPE,) represents the double layer
LEIS, single frequency impedance mappiaylaps of the spa- fqrmed by the metal/elec_trolyte interfaqe and gorresponds to corro-
tial variation in the impedance modulyg], of the sample at 1 kHz ~ Sion processe¢both anodic and cathodioccurring at the base of
after 3, 18, and 30 days of immersion are shown, respectively, inthe defect and under the coating. Figure 8 shows how the resistance
Fig. 6a-c together with corresponding optical micrographs. Note tha@nd capacitance evolve with time for the first time constant of the
the vertical scale in Fig. 6 has not been corrected for the constangystem (i.e, corresponding to the macroscopic coatirglefect
factor of solution conductivity and probe separation; hence, the unitgproperties.
are in ohms. However, the overall trends in the impedance response The macroscopic coating defect resistance initially drops be-
remain correct. After 3 days, the defect is evident at point A on thetween 3 and 12 days immersion, while the capacitance shows little
micrograph, and this is reflected in the impedance map as a larggariation(a slight drop. There are significant increases in the values
decrease inZ| localized at the defect. After 18 days, significant of resistance and capacitance between 12 and 18 days with a subse-
underfilm corrosion has initiated, and this is again evident in thequent decrease in both parameters from 18 to 30 days immersion.
impedance map as a reduction |@| coinciding with the visible Such behavior is conventionally explained by consideration of
damage in the optical imadpoint B in the imagg After 30 days of  the changes in water content of the coating and any corrosion pro-
immersion, the original area of underfilm corrosion has started tocesses occurring at the defect. Thus, in the infaetfec) regions of
blister, and this again coincides with a substantial decrease in locethe coating, water uptake into the coating is expected to decrease

|Z| centered at the defect and visible in the modulus map. coating resistancéwater has a higher bulk conductivity compared
with typical polymer$ but increase coating capacitari@eater has a
Discussion higher dielectric constant compared with typical polymek$ow-

) o ever, at the defect, as corrosion products build up, transient pore

General equivalent circuit impedance madelThe proposed  plugging may occur leading to a large area of relatively conductive
generalized equivalent circuit, which is consistent with all the im- cqrrosion product with a consequent increased resistahee to a
pedance data, is shown in Fig. 7. HeRg, represents the solution protective effedtand increased capacitan@aie to the active ar¢a
resistance of the electrolyte. The first time constant is represented byfter 18 days, as additional active sites and blisters devitap 6),
a constant-phase elemer€RE.,) in parallel with a resistance the importance of film blocking and diffusion as the rate-
(Reoad @nd is conventionally associated with the generalized macro-determining process decreases relative to that of the charge-transfer
scopic properties of the coating plus the defect. The second timéactive corrosiopreaction.
constant R /CPEy) conventionally represents electrochemical The evolution with time of the parameters from the second time
processes at the defe@nd may be replaced by a limited-layer constant of the conventional impedance data is shown in Fig. 9.
Warburg impedancals, in the event of significant diffusional con- These show a steadily increasing double layer capacitance with time
trol). from 12 to 30 days immersion and a corresponding decrease in
charge resistance with time. These features conventionally corre-

Conventional macroscopic impedaneeAt 3 days immersion, spond to a progressive increase in the corroded area with time.

Fig. 3a, the impedance model can be represented essentially by
single time constant process with diffusion. Thus, at the pre-existing LEIS, multifrequency single poirt-Local electrochemical im-
defect, penetration of the electrolyte underneath the coating leads tpedance permits, in principle, the measurement of an impedance
an increasing area of corrosion on the substrate and disbonding aksponse from a limited area of a surface rather than over the whole
the coating. As the corrosion spreads, it is suggested that a film ofmacroscopic surface. This is clearly illustrated by the substantially
corrosion products blocks the defect, slowing the entrance of elecdifferent local impedance response from the defect éfe&n 4) and
trochemically active species. This causes a diffusion process, whiclover an area of intact coatin{§ig. 5). In the former case, after 3 and
is represented by a Warburg eleméire., replacing R.,//CPEy) in 12 days immersion, the relevant impedance model is essentially a
the equivalent circuit of Fig.)7 single time constanfcharge-transferprocess plus diffusion. Thus,
From 12 to 30 days immersion, Fig. 3b-d, the impedance datathe charge-transfer impedance clearly represents the corrosion pro-
from the macroscopic surface features two time constants and isess directly, with the Warburg impedance representing diffusion of
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Figure 10. Evolution of theCPEy and R values of LEIS data over the

Figure 9. CPE, and R, values evolution of the system measured by con- coating defect with immersion time.
ventional impedance with immersion time.

rectly over the intact coating, clearly demonstrate the theoretical

active species through a plug of corrosion product at the defect. Theingle time constant process due to a parallel plate capacitor com-
evolution of Ry, and CPEy with increasing time of immersion is  prised of the metal substrate and electrolyte, separated by the coat-
shown in Fig. 10. Up to 18 days, there is a gradual increase ining dielectric. The trends from this dat&ig. 11) closely follow
charge-transfer resistance, presumably due to increased pore blocthose expected from water uptake into a free dielectric film. Thus,
age with corrosion product. After 18 days, the charge-transfer resissignificantly, there appears to be no interference from Farddaie
tance decreases substantially with a corresponding increase in c&osior) processes in defect areas.
pacitance as the additional areas of active blistering devedep However, significant differences are evident between the LEIS
Fig. 6). data for the intact coating and the first time constant progessally

Figure 5a-c displays the Nyquist and Bode plots for LEIS above associated with coating propertiestained using conventional EIS.
the coating from 3 to 30 days of immersion. Here, for all immersion In particular, the EIS capacitance dat@RE.,,) do not show a
periods, a single time constant is observed which clearly corre-steady increase with time and are clearly convoluted in some way
sponds directly to the capacitance and resistance of the coatingith the impedance response from the defect. Similarly, the trend in
(Reoat and CPE,,) with the terms in the second time constant of the LEIS data from above the defect is essentially as expected for a
the equivalent circuit modéFig. 7) set to zero. Figure 11 shows the bare corroding metal where the surface is occluded by a corrosion
evolution in the values oR.y, andC P E,, With time for the intact  product for a time and then the area of corrosion increases due to
area of the coating. After an initial rise, the coating resistance showdlistering and underfilm corrosion. However, the EIS data from the
a large decrease with time. Significantly, the measured coating casecond time constant proceg®nventionally associated solely with

pacitance increases steadily with time consistent with increasing wathe corrosion reaction at the defeshows a different trend with a
ter uptake into the polymer. steadily decreasing resistance and increasing capacitance.

) ) . In reconciling these differences, we point out that great care was
Impedance mapping-Figures 6a-c show maps of the impedance taken to ensure a true local impedance measurement. Thus, in most
modulus over the specimen from 3 to 30 days of exposure in 10 MMpreviously reported LEIS methods, despite the current being deter-
NaCl. Optical images of the sample, taken on the same day, argnined locally, the potential is measured remotely and thus is an
displayed alongside. The defect area A in the coating correspondgyerage over the surface. This is likely to contribute significant er-
identically to the lowest value of modulus in the impedance map.rors or artifacts to the notional LEIS measurement. However, we use
Obviously, the mapping technique demonstrates the lowest resisa novel form of LEIS measurement, where, in addition to determin-
tance (Z|) in the area of the laser-ablated hole when compared toing the local current density by a dual electrode, the local potential
the coated surface. After 18 days of immersion, zone B correspondadjacent to the surface is also directly determined. Hence, the mea-
to a second area of low impedance and correlates to the opticaiurement is more likely to reflect the true local impedance.
image by the formation of a blister next to the laser defect. After 30
days of immersion, three areas of low impedance are evident. The
lowest modulus still corresponds to the area of the coating defect,
zone A, and may be compared with the laser hole on the optical
image. Zone B has a much larger area than at 18 days, starting from 1.00E+04 , 2.80E-06
the edge of the holiday and extending to its right side. The third —¢— Roat
region corresponds to a well-defined area of lower impedance within —=— CPecoat . A

.. I T | <
zone B, which corresponds to a blister on the optical image. These "g: 750803 / \ 210808 E:
blistered zones are formed around the original defect and are gener- E g
ated by the underfilm corrosion beginning at the exposed metal in | § S00F03 1ot S 3 emmmrprrememene s 140806 §
the laser-created holiday. They are clearly seen optically and by | 3 5
LEIS mapping, and, as demonstrated previously, multifrequency é 2.50E+03 - 700807 &
LEIS over a single point can provide detailed information about the :
local performance of the coating at that point. 0.00E+00 L 3 0.00E+00

0 6 12 18 24 30 36

Comparing macroscopic EIS with single point LEIS and LEIS
mapping—The macroscopic EIS and the two local LEIS measure-
ments are directly comparable as they were obtained from the same
samples in the same environment at the same locations and within gigure 11. Evolution of theC PE,,;and R, values of LEIS data from the
few hours of each other. The LEIS data, which were obtained di-area of intact coating with immersion time.

Days of immersion
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clearly demonstrate that it is possible to separate the impedance
response of the intact coating from that of the defect. In addition,

single frequency impedance mapping of the surface can provide
complementary data supporting the physical interpretations of the
impedance response.

2. In this work, the traditional macroscopic EIS data reveal two
time constants that are conventionally associated with separate coat-
ing and defect processes. However, comparison of the trends of
derived resistance and capacitance values as a function of time with
corresponding LEIS data obtained separately from the intact coating
and the defect strongly imply that the EIS data cannot be repre-
sented as separate processes within distinct time domains. Thus, the
coating and defect processes appear to be convoluted together.

3. Great care must be taken in interpreting conventional EIS data

Figure 12. Chart showing the percentage current sensed by the LEIS probeUSIng an equivalent circuit representation. It is clear from the LEIS

using a point-in-space calibration electrode.

Comparison of Fig. 8 with Fig. 11 shows that the EIS impedance

data presented here that, although two distinct time constants in the
EIS data may appear, the physical processes associated with the
overall response are not necessarily separable into two time do-
mains. Thus, resistance and capacitance parameters extracted from

is approximately 100 times larger than the LEIS impedance. ThisSuch an interpretation are likely to represent an average response
magnitude difference occurs primarily because the LEIS probe onlyrather than a true response.

captures a small fraction of the local current density emerging atthe  ynjversity of Manchester Institute of Science and Technology assisted in
defect. Henpe, in EqQ. 2 if the local current is less than its correctmeeting the publication costs of this article.

value, the impedance is also too small by the same quantity. To

determine the correction factor, the local current captured by the

probe was measured in equimolar(IFgFe(l11) (to provide a stable
redox potential for the platinum probessing a point-in-space elec-
trode of the same diameter as the def@&0 um). Figure 12 reports

a calibration chart of the percentage current captured by the LEIS

probe, which shows that, at the probe working distance of.2H

approximately 1% of the local current density is sensed. Hence, thes.

true LEIS impedance values should be multiplied by 100. This cor-
rection brings the two sets of dat&lS and LEIS within the same
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