TECHNICAL ISO/TR
REPORT 5602

First edition
2021-11

Sources of error in the use of
electrochemical impedance

spectroscopy for thednvestigation of
coatings and other materials

Sources d'erreur dans l'utilisation de la spectroscopie d'imgédance
électrochimique pour l'étude des revétements et autres ma{ériaux

Reference number
ISO/TR 5602:2021(E)

© 1S0 2021


https://standardsiso.com/api/?name=239fe98c6403e939da4dbdd15b8ad625

ISO/TR 5602:2021(E)

COPYRIGHT PROTECTED DOCUMENT

© 1S0 2021

All rights reserved. Unless otherwise specified, or required in the context of its implementation, no part of this publication may
be reproduced or utilized otherwise in any form or by any means, electronic or mechanical, including photocopying, or posting on
the internet or an intranet, without prior written permission. Permission can be requested from either ISO at the address below
or ISO’s member body in the country of the requester.

ISO copyright office

CP 401  Ch. de Blandonnet 8

CH-1214 Vernier, Geneva

Phone: +41 22 749 01 11

Email: copyright@iso.org

Website: www.iso.org

Published in Switzerland

ii © IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=239fe98c6403e939da4dbdd15b8ad625

ISO/TR 5602:2021(E)

Contents Page
FOT@WOIM..........oooooooeeeeeeee ootk \%
IIETOAUCTION .......oooooo e85 88855 8 585 s vi
1 SCOPI@ ... 1
2 NOIIMALIVE TEEGT@IICES ..........ooooooee e 1
3 Terms and definitIONS ... s 1
4 —Errorimthemmake-upof the measuring cett
41 Roughness of the SUIaCe ...

4.2 0-ring — Considerations about the precise determination of the exposed.areal...

4.3 Faulty cell MaKe-Up .o (5 g Do
4.3.1 Optically detectable 1€aKs ... Y e
4.3.2 Optically non-detectable causes
4.4 R () =) s ot =] (T oq m o Yo L= 4 S
4.4.1 General information on the distance between the reference and working
LY (=Tt ol Y (=TS, SH
4.4.2  Shielding ...,
4.4.3 Air bubble in the reference electrode....
4.4.4 Poisoning of the reference electrode......
4.4.5 Bleeding of the reference electrode....,
4.5 (070100 003 =Y <o o Yo [T OO ST
S N 2 =Y B U At ST V4 <L 20
4.5.2 Reactive counter electrodes.......Qs......
4.6 Gas inclusions in the measuring cell
5 Faults caused by electronics incl. shiel@ing............ o, 12
5.1 Faraday CAZE . ...t S it e 12
5.2 Extended cable (without active shielding) ... 15
5.3 (081 ) (3 ) <=1 € N T 16
5.4 Contact resistances between metallic contacts and the working electrode/counter
1Y (=Yot 8 o Y (IO et
5.5 INAUCTIVITIES.......c e
5.6 Measurement fange switching...................
5.7 Scattering signals in power supply
5.8 Insufficieht)signal-to-noise ratio...........c...
5.9 Influenceof peripheral dEVICES ...
6 Parameter selection, measurement range limits ... 24
6.1 OpPen-lead St ...
6.2 Note on dummy cells - ISO 16773-3
6.3 Unsuitable amplitude ...,
64 Insufficient frequency range..........
6.5 Repetition rate for subsequent MeaSUrEMENTES ..........ccovvvrrsiivrmsenessissssssssessssssessses i 27
7 Non-stationary measurement CONAITIONS ... 28
71 L3 011 =
7.2 Temperature fluctuations....
7.3 Electrolytic conductivity.....
74 Swelling......ciiiiine,
7.5 Drifting OCP ...
7.6 Corroding working electrode......
7.7 Reactive COUNTET ElECTIOAES ...t ssssssse e
7.8 Gas formation at the cOuNter EleCtrOde. ...
8 Design and selection of equivalent circuit diagrams...
8.1 Constant phase ElEMENT ...

8.2 Multiple possibilities for the selection of equivalent circuits

© 1S0 2021 - All rights reserved iii


https://standardsiso.com/api/?name=239fe98c6403e939da4dbdd15b8ad625

ISO/TR 5602:2021(E)

8.3  Warburg impedance

9 Significance of measurement values from equivalent circuits..............., 37

9.1 MeEaSUTEMENT UNCETTAITIEY ....oooiioiirciiiiiiieiriee it 37

9.2 PlauSIiDIIITY @NALYSIS . oot 38
10 Interpretation of the measurement values of various coating systems................ccn 39

0 o ol o T 11 =) o OSSOSO

10.2  Film thickness and measurement surface...

10.3  Number of layers.......cs

10.4 Conditioning

10.p—6enertetypeofbinder—rrrmmmmmm—————— :
11 Prasentation Of Aata. ... Ly 45
Annex A (Informative) Calculation of the coating capacitance ...t 48
Annex B (|nformative) Further information on the influence of the double-layer capacitance...| 49
Annex C (informative) Estimation of the order of magnitude of an apparent capacitance

CAUSEA DY COTTOSION........cccooooe e K g e .50
BIiblIOGIaPIY ... e .52

© IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=239fe98c6403e939da4dbdd15b8ad625

Fo

ISO/TR 5602:2021(E)

reword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

Electrochemical impedance spectroscopy is described in detail in ISO 16773-1 to ISO 16773-4. It
became apparent during use of these standards that sources of error and measurement artefacts that
lead to incorrect interpretations are not dealt with comprehensively. This document supplements the
[SO 16773 series of standards to deal with this issue.

vi © 1S0 2021 - All rights reserved


https://standardsiso.com/api/?name=239fe98c6403e939da4dbdd15b8ad625

TECHNICAL REPORT

ISO/TR 5602:2021(E)

Sources of error in the use of electrochemical impedance
spectroscopy for the investigation of coatings and other
materials

1

Scope

Thi
for
ste]

NOT

2

Th
conl
ung

N0

ISO|
Pan

For
foll

ISO

3.1

s document describes the main sources of errorin the use of electrochemical impedance)sp
the investigation of coatings and other materials. The sources of error listed here include
bs from the set-up of the sample with the measuring cell right through to evaluation.

E The sources of error discussed here do not represent a complete list.

Normative references

following documents are referred to in the text in such a way that some or all of th

ated references, the latest edition of the referenced documrent (including any amendmen
4618, Paints and varnishes — Terms and definitions

16773-1, Electrochemical impedance spectroscopy (EIS) on coated and uncoated metallic sp
t 1: Terms and definitions

Terms and definitions

the purposes of this document, the'terms and definitions given in ISO 4618, ISO 16773
bwing apply.

and IEC maintain terminolog8y databases for use in standardization at the following addy

[SO Online browsing platform: available at https://www.iso.org/obp

IEC Electropedia: available at https://www.electropedia.org/

limlit impedance

mif

3.2

imum ormaXimum impedance that can be measured using the impedance spectrometer

m

pctroscopy
all process

pir content

stitutes requirements of this document. For dated references,’only the edition cited applies. For

s) applies.

ecimens —

-1 and the

esses:

linjit frequency
i

imim or maximum frequency that can he set on the impedance spectrometer

4

4.1

Error in the make-up of the measuring cell

Roughness of the surface

A wet and rough surface could conduct stray currents to a scratch or artificial defect, see Figure 1. This
could yield in a spectrum showing a much lower resistance than in reality. Examples of spectra are

sho

wn in Figure 2.
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after YV-irradiation
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Figurg 1 — Conductive path from counter electrode to scratch due to surface roughness

The rough|surface was measured on-the unscratched area. Although the rough surface was dried with
a tissue, the residual amount of water was sufficient to produce a conductive path via the scratch to|the
substrate. |As result, the specfriim of the sample resulted in the incorrect identification of a defective
coating. After 2 h of continuous immersion in the cell, the surface outside the cell had dried and [the
conductivg path was intéxrupted, which resulted in a typical spectrum of an intact coating.
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Figure 2 — EIS spectra of the initially wet coating and 2 h after drying

4.2 O-ring — Considerations about the precise determination of the exposed area

If an O-ring is used tazseal the cell, the exposed area is smaller than the theoretically asspmed area
bedause the O-ring will be compressed, and therefore, the exposed area will be reduced (see|Figure 3).

2R,

a) Ideal situation, uncompressed

© IS0 2021 - All rights reserved 3
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F) Z(Ro—a) d

b) Real situation, compressed

N
Key

R, radius pfthe uncompressed O-ring ‘l/

N4
&

Figure 3 — Uncompressed and compressed O-ring KQQ‘

a difference in the radius of the O-ring due to compression

This behayiour can be visualized easily by using two transparent PMMA (p, b@lethylene methacrylate)
plates which were compressed with 4 screws. The screws were gently htened only by hand and
without arly tools.

Figure 4 shows the set-up and Figure 5 and Figure 6 show the ca{gressed O-rings of 1,2 cm and 5[cm
diameter, fespectively. s\&

% Figure 4 — Compression of O-ring using 4 screws

4 © IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=239fe98c6403e939da4dbdd15b8ad625

ISO/TR 5602:2021(E)

Figure 6 — Compressed O-ring of 5 cm diameter

The exposed area can be calculated as illustrated in Figure 7.

Sy=m"R;

a) O-ring not compressed — Contact surface of the specimen with testing solution

© IS0 2021 - All rights reserved 5
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b) O-ring compressed — Contact surface of the specimen with testing solution

N

25 2 2

c) Reduction of contact surface of specimen due to O-ring compression

Sy geomefric area with the O-ring uncompressed

S, exposefl area with the O-ring compressed
AS difference Sy - S;
R, radius pfthe uncompressed O-ring

a difference of the radius of the O-ring due to compression

Figure 7 — Calculation of the exposed area

The error dS between exposed area S; and geometric area S, can be approximated depending on
O-ring radjus, R, and the measured contact, 2g;using Formula (1):

ds=

2
%2.100:2'0'}?0'0

- 100
D R§

Some examples for calculation of the error of the exposed area are shown in Table 1.

the

(0

© IS0 2021 - All rights reserved
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Table 1 — Approximate error estimation of contact surface of specimens in corrosion cells

Radius of the

Difference in

Geometric area
with the O-ring

Exposed area

the radius of the with the O-ring | Error of the
uncompressed . uncompressed
. O-ring due to - compressed exposed area
O-ring . (theoretical
compression (real surface)
surface)

R, a Ry-a So Sy ds
mm mm mm mm? mm? %

6 0,8 5,2 113 85 25

12 0,8 11,2 452 394 13

24 0,8 23,2 1809 1690

30 0,8 29,2 2826 2677

6 1 5 113 79 31

12 1 11 452 380 16

24 1 23 1809 1661 8

30 1 29 2826 2 641 7

6 1,25 4,75 113 71 37

12 1,25 10,75 452 363 20

24 1,25 22,75 1809 1625 10

30 1,25 28,75 2826 2 595 8

4.3 Faulty cell make-up

4.3{1 Optically detectable leaks

Opfically detectable leaks in the measuring.gell are obvious and are not dealt with here.

4.3|2 Optically non-detectable causes

Thd behaviour shown in Figuite 8 was observed in a non-reproducible manner for a [very well-
dodumented coating (cathodic e*coat) that is in familiar use in measurement technology. Thigbehaviour
occurred with varying amiounts of pressure on the measuring cell at different locations on the same
test panels; however, a direct relationship was not detected.

If the behaviour shdwn in Figure 8 is observed in a measuring cell, the measuring cell is not $uitable.

Gererally, everydnieasurement set-up is tested for errors with a familiar system before this measuring

cellis used eman unfamiliar system.

© IS0 2021 - All rights reserved
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Figure 8 — Possible influence of a faulty cell set-up
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4.4 Reference electrodes

4.4.1 General information on the distance between the reference and working electrodes

RE1, RE2 and RE3 as shown in Figure 9 are the various positions where the reference electrode RE can
be placed to measure the potential. At distances very close to the working electrode, the equipotential
lines are close together and small variations in the position of the reference electrode can lead to
large variations in the ohmic drop. This applies in particular to uncoated samples. In some cases, it
is preferable not to use a Luggin capillary, and instead to place the reference electrode far from the
working electrode and measure and compensate for the ohmic drop.

2 3 L
va
+
1
5

Key
1 |working electrode(WE)
2 | reference electrode 1 (RE 1)
3 | referencg-eléctrode 2 (RE 2)
4 |reference electrode 3 (RE 3)
5 |egtipotential lines

Figure 9 — Equipotential lines shown at close proximity to the working electrode

The influence of the reference electrode distance is negligible for measurements on coated (high-
resistance) samples. See Figure 10.

© IS0 2021 - All rights reserved 9
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are

Y1
1E+08
1E+07
1E+06
1E+Q5S
1E+04
1E+03 ! ! !
1E-02 1E+00 1E+02 1E+04 X
a) Threg |Z] curves are shown here that were recorded with different distances between the
referende electrode and working electrode. The distances to the coated substrate are 37 mm
(top), 15 mm (middle) and 2 mm (bottom).
Y2
-10
-30
-50
-70
-90 ] | |
1E-02 1E+00 1E+02 1E+04 X
b) Threge phase angle curves are shown here that were recorded with different distances bje-
tween the reference electrode and working electrode. The distances to the coated substrate
37anm (top), 15 mm (middle) and 2 mm (bottom).
Key
X1  frequgncy, f, in-Hz
X2  frequéncysf,in Hz
Y1  modujus®of the impedance, |Z], in Q-cm?
Y2  absolute value of the phase angle, ¢, degrees
€ top (mostly invisible due to overlayings with the middle and bottom data points)
B middle
A  Dbottom
Figure 10 — Spectra of coated (high-resistance) samples
10 © IS0 2021 - All rights reserved
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4.4.2 Shielding

If the distance between the reference electrode and working electrode is too small, the electrical field
is shielded, and this leads to an undefined state. Shielding of the working electrode by the reference
electrode can only occur as a problem with the Haber-Luggin capillary, as there is a very small distance
between the capillary opening and working electrode in this case.

4.4.3 Air bubble in the reference electrode

An air bubble in the reference electrode leads to undefined potentials and can result in strong

0SscC Hotionc in 1-1-\9 nhaca

T IO oI CIr e pPrittoTs

4.4/4 Poisoning of the reference electrode

Poisoning of the reference electrode occurs when ions or molecules diffuse into the\electrodg¢ and react
with the reference material. This results in a potential shift. This effect is less significant with a coated
ele¢trode than with a metallic electrode.

Poisoning of the reference electrode can largely be prevented by hydrostatic effects and by correctly
poditioning the electrode.

The use of a Haber-Luggin electrode can be effective in order to delay poisoning of thg reference
ele¢trode.

4.4/5 Bleeding of the reference electrode

Diffusion of ions from the reference electrode into~the electrolyte is referred to as bleeding of the
ref¢rence electrode. These ions can alter the reaction at the working electrode.

Thd use of a Haber-Luggin electrode can heveffective in order to delay bleeding of thg reference
ele¢trode.

4.5 Counter electrodes

4.5|1 Relative sizes

For|coated samples, there are’'no known artefacts that can be ascribed to an unsuitable choicq of relative
siz¢s of the working electrode and counter electrode. This can be explained by the very low currents
in the measurement ‘ef-these high-resistance systems. However, the area of the counter e]ectrode is
chdsen as large as’possible.

4.5|2 Reactive counter electrodes

As regardsthe make-up of measuring cells, the counter electrode consists of a material that is inert to
the|electrolyte over the period of measurement. If there are doubts as to the suitability of the counter
electrodematet ial, cotpat ative-meastrenents—are—carriedoutondifferentmaterials—with a known

reference sample. Exposure experiments are also carried out.

4.6 Gas inclusions in the measuring cell

Despite the influence of gas bubbles in the measuring cell that is to be expected theoretically, this could
not be verified in a test experiment with gas bubbles on the counter electrode, see Figure 11. A single-
layer test coating was measured.

©1S0 2021 - All rights reserved 11
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]

fion of the effective area’caused by gas-bubble absorption at the working electrode hag an

n the measurement values of the layer capacitance and layer resistance.

s caused by electronics incl. shielding

day cage

1|1tinuities in the phase angle plot at 50 Hz are probably due to insufficient shielding. [See
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Figure 12 — Dramatic grid frequency influence visible on a Bode plot

Figlhire 12 shows a dramatic example for grid frequency influences, whereas Figure 13 showg negligible
disturbance.
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https://standardsiso.com/api/?name=239fe98c6403e939da4dbdd15b8ad625

ISO/TR 5602:2021(E)

Key
X log]
Y1 log]
Y2 abg
ph
] im
Figure 14
sensitively
14

Y1 Y2

L — 100

arithm of the frequency, log £, in Hz

arithm of the modulus of the impedance, log |Z], in Q2
olute value of the phase angle, ¢, in degrees

hse angle

bedance

Figure 13 — Negligible grid frequency influence visible on a Bode plot

shows a magnified repriesentation of the phase plot; the phase plot reacts particularly
to grid frequency influences.
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Figure 14 — Magnified representation of the phase plot

5.2l Extended cable (without active shielding)

Figlhire 15 shows the phase plot of a‘measurement of a 330-pF capacitor. The yellow dots show the result
with shielded cables; the cableswere extended without active shielding in the case of the red and green
curfves, and the cables were also twisted in the case of the green curve. The amplitude wajs 10 mV. It
is gbserved that signifigantly more interference signals are received in the case of the extepnsion with
unghielded cables.

© IS0 2021 - All rights reserved 15
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Figure 15 — Phase plot(of'a measurement of a 330-pF capacitor

5.3 Cable breaks
In Figure 16, deviations from-the real state can be seen that are caused by a cable break. The same
dummy cell was measured in'edch case. After the measurement with the broken cable, the measurenjent
was repeated with a new(cable.

16

© IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=239fe98c6403e939da4dbdd15b8ad625

ISO/TR 5602:2021(E)

Key

Y1
Y2

Y1 Y2
8 — 100
. L i

B - 80
6 -
c | =4 60
AL i

- — A0
3_ =
2 — 20
L i

1 1 0

-3 6 X

logarithm of the frequency, log f, in Hz

logarithm of the modulus of the impedance, log |Z|, in'Q
absolute value of the phase angle, ¢, in degrees

failure cable

efficient cable

Figure 16 — Measurement of a dummy cell with and without cable break

5.4 ContactresistanceS between metallic contacts and the working electrode/«

ele)

Thd

ctrode

profile shown ififigure 17 can occur if corroded connections are used (e.g. alligator clan

counter

nps).
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Figure 17 — Measurement with corroded connections
5.5 IndILctivities
Inductivities can be caused by eonhnection cables that are too long/twisted in the high-frequency rapge
above 10 000 Hz. This influénce is shown in Figure 18. The inductivity can be observed from the chajnge
in the sign of the phasefBecause absolute values of the phase angle are plotted in the diagram, [the
curve of the phase angle is reflected instead of crossing the x-axisat Y2 = 0.
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Measurement range switching

gure 18 — Measurement with-a/cable that is too long between the measurement se

hmercially available impedance spectrometers require several current measurement r
entire frequericy range. These current measurement ranges are automatically adapted by
ing the measurement. If switching between measurement ranges is not perfectly coor
he calibration data are corrupt, a discontinuity in the phase plot can be observed. Thi
igure 19'b). This phenomenon occurs almost exclusively in the case of very high-resis

t-up and

hnges over
switching
dinated or
5 is shown
fance, low-
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a) Despite calibration, measurement range switching can be detected by the jump in the phpse
plot.
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b) In the case of a non-calibrated system, the measurement range switching is clearly
detectable in the phase plot.
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Figure 19 — Characteristics of measurement range switching for high-resistance,
low-capacitance systems (a section of the entire spectrum is shown)

5.7 Scattering signals in power supply

The quality of measurement depends on the quality of the power supply. If the grid frequency has other
frequencies, e.g. from generators or electromotive drives, superimposed on it, this can lead to impure
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frequency signals in impedance spectroscopy. This can be rendered visible by carrying out a Fourier
transform of the measurement signal. See Figure 20 b).
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Example of impedance spectra with scattered data due to the influence of the power supply
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p) Fourier transform: harmonics of the 50 Hz disturbance are clearly detectable at

250 Hz and 350 Hz
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Figure 20 — Effects of a disturbance frequency (50 Hz)
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5.8 Insufficient signal-to-noise ratio

If a measurement is carried out with an excitation amplitude that is too low, the signal-to-noise ratio
will be too high. This first becomes apparent in noise in the phase plot at low frequencies. See Figure 21.
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IOSE 10 :_
Covvnl vl il obl— vt S
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Y1 magnitude of the impedance |Z], in Q - cm?
Y2 abgolute value of the phase angle ¢, in degrees
t=|0h
______ t=]2h
e _ t=[24h
_______ t=[168h
t=|504h

Figure 21 — Influence of too low amplitude leading to a phase plot with a lot of noise

5.9 Influence of peripheral devices

Stirrers, tgmperature sensors{ pumps and measurement devices in the immediate vicinity of [the
measuremlent equipment candtransmit interference signals to the impedance spectrometer. [The
antenna efffect of a temperature sensor with a connection cable that is too long is shown in Figure 2.
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gure 22 — Influence of a temperature sénsor with a connection cable that is too long due to

additional influence caused by-peripheral devices is shown in Figure 23. Phase plots when a
Fmostat is switched on and off are shown here.
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Figure 23 — Influence of a thermostat that is switched on and off

6 Parameter selection, measurement range limits

6.1 Open-lead test
Carrying qut an open-lead,test in accordance with ISO 16773-2:2016, Annex A, provides informagion

about the maximum meéastrement range of a measurement set-up. Values in the upper limit rangefare
uncertain and associated with significant errors.

6.2 Note on dummy cells - ISO 16773-3

Th libr it £ L L : 1 oo el 3 n L TS TR le TL :
€ Callpratioiror tire Spectrometer IS ChieCRea Wit atimmy cerns—at pertoatcHrter vars— e resistors

and capacitors in the dummy cells correspond to real measurement conditions as closely as possible.

Commercially available dummy cells normally have a component tolerance of between 1 % and 5 %.

6.3 Unsuitable amplitude

Harmonics can occur at amplitudes that are too high. These can easily be identified in a Fourier
spectrum (see Figure 24). Nonlinearities can also be detected in a Lissajous figure (see Figure 25).
One can clearly recognize the nonlinear behaviour (asymmetry) at an excitation amplitude of 50 mV. A
software check for nonlinearities is also carried out, e.g. Kramers-Kronig.
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1 000 Hz; structura steel in a 1 M NaCl solution at room temperature)
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Figure 25 — Lissajous figure forthe same measurement at 0,1 Hz
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Figure26 — Measurement and three fit evaluations for different frequency ranges

6.5 CRepetition rate for subsequent measurements

Inthe case of series of measurements over time, the time intervals between the individual measurements
is chosen to be appropriate for the kinetics of the system to be observed.

For the swelling kinetics of coatings, for example, impedance spectra that are as short as possible (e.g.
10 Hz to 100 kHz) are measured in quick succession in the initial period. In this way, it is possible to
represent the time change of the system; it is ensured here that the stationarity criteria are fulfilled for
the individual measurements. Over the further course of swelling or water absorption, the frequency
range and the time intervals between measurements can gradually be increased as long as the
stationarity conditions continue to be fulfilled.
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7 Non-stationary measurement conditions

7.1 General

If non-stationary conditions are suspected, short measurement times with a limited frequency range
are selected to ensure that the individual measurements are pseudo-stationary again.

Figure 27 a) shows the magnitude of the impedance of three consecutive measurements. The measured
sample has changed significantly over the course of the first measurement (blue curve). This can
be seen from the fall-off in the impedance in the low-frequency range in particular. Even the second

measurem =
appears to|be stable.
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Figure 27 — Bode plot at various points in time of a sample changing during the measurement
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7.2 Temperature fluctuations

The resistance of a coating measured with EIS is strongly dependent on the temperature. As a
consequence, temperature control is crucial for a proper analysis of coating properties.

It is productive to keep the temperature to +0,5 °C

Figure 28 shows the strong dependency of the coating resistance on temperature. The logarithm of
the resistance increases linearly with the reciprocal of the temperature. The conductivity exhibits
Arrhenius behaviour.

\L
)
10" |
10" |
1010 |
10° |
3 X
Key
X | reciprocalof the temperature, 1000/T, in K1
Y |resistance, R, in Q)

Figure 28 — Dependency of the coating resistance on temperature

Figure 29 shows the strong influence of a temperature variation on the impedance spectra of coated
test panels. In accordance with the temperature profile in Figure 29 a), samples of two coatings with
different durabilities were subjected to a temperature change under continuous immersion for five days.
Measurements were carried out after two hours at 23 °C, 55 °C and 85 °C. It can be seen in Figure 29 b)
that the durable coating withstands this temperature change, as the spectra for each temperature are
almost congruent regardless of the immersion period at the relevant temperature. Figure 29 c) shows
the analogue impedance spectra of the non-durable coating. Water is increasingly stored in the coating
in an irreversible manner due to the influence of continuous immersion and the temperature cycles,
which leads to early failure of the coating. The impedance spectra are not grouped in the same manner

as in Figure 29 b)ll,
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c) Impedance spectra of a non-durable coating at different temperatures
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Figure 29 — Temperature influence on impedance spectra of coatings

7.3] Electrolytic conduetivity

Extreme salt concentrations, hygroscopic solutions, oxidising and reducing agents, acids o bases are
avolided in order toensure that stationary conditions hold during the measurement. Diluted, inert salt
solyitions are typically used (e.g. 0,1 to 0,01 molar solutions).

Swelling

jon. Water
increases

Swelling\refers to an increase in the film thickness of a sample due to water absorpt
absjptption and swelhng have opposing effects on the coating capacitance. Water absorptio

normally assumed that the 1nf1uence of swelling is low and can therefore be neglected in comparison
with water absorption. Some systems can deviate from this assumption, and therefore they are checked.

7.5 Drifting OCP

The open circuit potential (OCP) is not defined in the case of a well-insulating coating and is subject
to the influence of electrostatic charge. This leads to false OCP values, which are usually too high.
Particular care is exercised if OCPs are measured that are significantly higher or lower than the Nernst
potentials.
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In the case of water absorption, the coating resistance can change in a relatively short period of time
(up to 3 h) by several orders of magnitude (see Figure 30). In this way, the OCP value can return to a
reasonable range.

Selecting OCP = 0 V for the first measurement represents a compromise. In the case of inert coatings
(without active pigments), the OCP of the substrate can also be used for the first measurement.

Figure 30 a) shows the OCP profile of a coated sample directly after the measuring cell has been filled
with electrolyte and after the time periods indicated in the key. An impedance spectrum was measured
after each OCP measurement. These are shown in Figures 30 b) and c). It can be seen from Figure 30
a) that unrealistic OCP values are measured (after 0 h and 0,2 h) at the start for the substrate used.
Nonetheless, it was possible to measure an impedance spectrum that was meaningful to a large extent,
but that ekhibited signs of non-stationary behaviour. The coating resistance reduces due égl)mdter
absorption]. The coating is thus more conductive and a realistic OCP value can establish itself reqult.
The other Impedance spectra were measured at the OCP values present at the times in ql%sjpon.
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b) Impedance part of the Bode plot with impedance curves at varied immersion times
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Figure 30 & Series of impedance spectra with an initially unstable OCP
7.4 Corrodingworking electrode

If the workingelectrode changes due to the onset of corrosion during the impedance measur
reshlt of swelling and the permeation of electrolyte, this becomes evident in the capacitive
This pfocess is non-stationary and makes it difficult to carry out a meaningful evaluatiory
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c) Phase part of the Bode plot with phase curves at varied immersion times

ement as a
behaviour.
by fitting

ivalent circuit diagrams.

7.7

Reactive counter electrodes

In the case of non-stationary behaviour, reactive counter electrode material can also be the cause of
this.

7.8

Gas formation at the counter electrode

Gas is formed as a result of electrolysis in the cell. This gas can shield the surface of the counter
electrode.
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8 Design and selection of equivalent circuit diagrams

8.1 Constant phase element

Impedance spectra often show non-constant phase profiles for intact coatings in the high-frequency
part of the Bode plot; these profiles can be ascribed to the complexity of coatings. The interpretation
of a coating as a capacitance would require a constant phase at 90°. The constant phase elements often
found in the literature approach these non-constant phase profiles. To this end, the phase angle is
adjusted as constant but deviating from 90° in a reference frequency (dotted line in Figure 31). The
reference frequency is 10 kHz in Figure 31. The non-constant phase profile is approached somewhat
more closdly by the parallel combination of resistance and a constant phase element (see the dashed
line in Figyre 31).
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Figure 31 — Influence of the constant phase element on the representation of measurement

curves

8.2 Multiple possibilities for the selection of equivalent circuits

A measurement can be adapted using multiple equivalent circuits that describe different physical
models. Different fitting parameters are then obtained. It cannot be decided on the basis of the quality
of fit which of these models is correct. Three models are shown in Figure 32 that show identical
curve profiles. A statement about the correct model cannot be made on the basis of the impedance
measurement alone.
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C=923 nF C= 986 uF

a) Equivalent circuit that is used to describe aluminium surfaces (electrolyte resistance, oxide
layer, Helmholtz layer)

R =299 kQ

C = 988 uF

b) Equivalent circuit that is used to describe a porous coating (electrolyte resistance, coating
capacitance, pore resistance, double layer)

O
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c) Other equivalent circuit that fits(the measured data in the same manner as a) and b)
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d) Nyquist plot for the equivalent circuits listed
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X2 |frequency, f; in Hz
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Y3 | absolute value of the phase angle, ¢, in degrees
Figure 32 — Representation of the multiple possibilities for the selection of equivalent circuits
8.3 Warburg impedance
An |incorrect interpretation ;due to a lack of basic data can lead to the assumption of § Warburg
impedance that is not actually present. The false identification of this behaviour can be|caused by
measurements in an igsufficient large frequency range at low frequencies.
9 |Significance of measurement values from equivalent circuits
9.1 Measurement uncertainty
A cpfitour plot illustrates the expected measurement accuracy of an impedance spectrometer. This

depends on the specified [imit impedances and [imit frequencies.

In the contour plot (Figure 33), this corresponds to a measurement uncertainty of 2 % for the
impedance |Z| and of 5° for the phase angle for the point (1 000 Hz and 1 M), for example.
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Figure 33 — Example of a contour plot for measurement uncertainty
9.2 Playsibility analysis
The valueq obtained from fitting are generally subjected to a plausibility analysis. The guideline values
given in Table 2 apply here.
Table'2>— Guideline values for typical capacitance ranges
Typical capacitance ranges
Coating
pF/cm? to nF/cm? - see Annex A
(depéndention material and film thickness)
Double-layer capacitance uF/cm? - see Annex B
Corrosion mF/cm? - see Annex C
As a complicating factor, the phenomena of corrosion and double-layer capacitance can occur in parallel

when the entire surface is considered, i.e. if a pore occupies 0,1 %o of the surface and a double-layer

capacitanc

e has formed at its base, it is possible that the expected value of 0,1 nF can no longer be

separated from the coating capacitance.
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10 Interpretation of the measurement values of various coating systems

10.1 Pre-treatment

Pre-treatment of the substrate can have an influence on the impedance spectrum of the system. In the
extreme case, the spectrum of the pre-treatment (e.g. anodization) dominates the interpretability of
the measurement curves. Two spectra at different points in time for the same coating on non-anodized
and anodized plates are shown in Figures 34 a) and b). The change in the coating as a result of ageing
can be seen on the non-anodized plate, while this change cannot be detected on the anodizing layer. The
reason for this is the barrier behaviour of the anodizing layer.
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a) Time profile of the spectra for a non-anodized plate
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b) Tinie profile of the spectra for an anodized plate
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Figure 34 — Influence of pre-treatment

10.2 Film thickness and measurement surface
The influence of the film thickness is to be taken into account. Examples: 25 pm and 60 pm.

The film thickness of a coating can have an influence on the coating parameters to be determined.
Larger deviations can occur for the dielectric constants or the coating capacitance, particularly for small
measurement surfaces. This is shown in Figure 35 for the example of a PET film on a metal substrate.
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Figure 35 —VInfluence of the film thickness and measurement surface on the exponent of the
constant phase element and the dielectric constant
103 Number nflayprc

If a number of coating steps are necessary in order to achieve a target film thickness, each individual
application is to correspond to the manufacturer’s specifications. Only then is it likely that the film
formation for each individual layer will be sufficiently good.

In this example a two-layer coating (2 x 40 um) (interim drying 60 min at 60 °C, final drying 60 min at
60 °C) was compared to a one-layer coating (1 x 80 pm) (drying 60 min at 60 °C). Coatings were applied
on AA 2024 unclad 150 mm x 80 mm x 1 mm abraded with scotch brite. The coating material was a
high-solid epoxy-based model coating. A two-electrode setup with a 3 % (mass fraction) NaCl-solution,
16,62 cm? exposed area at (23 + 2) °C was used.

In Figure 36, a series of spectra is shown over a period of 1 600 h. It can clearly be recognized after 21 h
of immersion that the two-layer coating remain at a higher impedance at low frequencies. In the 1st
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spectra the ranking between one-coat and two-coat layers is different to the later measurements. Each

coating was measured twice.
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