Analysis and Interpretation of EIS
Data for Metals and Alloys

Technical Report No. 26

An Introduction to Electrochemical
Impedance Measurement
Florian Mansfeld
University of Southern California,
Los Angeles, CA, USA

Technical Report No. 26
Part No.: BTR026
Issue: AB: May 1999

 Solartron Limited, 1999

This Technical Report is issued free of charge. Any information provided in this document is provided "as is"
without warranty of any kind, either expressed on implied, including (but not limited to) the implied warranties of
merchantability and/or fitness for a particular purpose.
The user assumes the entire risk for the use of this Technical Report.

Solartron
Victoria Road, Farnborough
Hampshire, GU14 7PW England
Tel: +44 (0) 1252 376666
Fax: +44 (0) 1252 544981

Solartron
37 Rue du Saule Trapu
91882 MASSY
Cedex, France
Tel: +33 (1) 69 53 63 53
Fax: +33 (1) 60 13 37 06

Solartron
19408 Park Row, Suite 320
Houston, Texas, 77084 USA
Tel: +1 281 398 7890
Fax: +1 281 398 7891

Solartron
Room 327, Ya Mao Building
No. 16 Bei Tu Cheng Xi Road
Beijing 100101, Peoples Republic of China
Tel: +86 10 62381199 ext 2327
Fax: +86 10 62384687

For details of our Agents in other countries, please contact our Farnborough UK office.

Analysis and Interpretation of EIS Data for Metals and Alloys

Preface

Preface
The evidence demonstrated in the ever increasing number of papers reporting results obtained with
Electrochemical Impedance Spectroscopy (ELS) makes it clear that this is a very valuable tool for
the study of a large number of corrosion systems. However, it also has become quite evident that
the successful application of EIS requires careful design of the experimental approach for the
collection of data and the use of appropriate hardware, as well as suitable software for the analysis
of these experimental data.
Solartron manufacture a range of instruments specifically designed for acquisition of high accuracy
EIS data from electrochemical measurements, and use of ZPlot experimental software enables
these results to be obtained quickly and easily.
A data analysis software library called ANALEIS has been developed for the simulation and analysis
of ETS data. ANALEIS consists of a number of modules which perform specific analysis tasks:
BASICS addresses the simplest cases of corrosion systems, COATFIT is devoted to the analysis of
EIS data for polymer coated metals, PITFIT examines localised corrosion of Al alloys, and ANODAL
may be used to investigate anodised aluminium.
This monograph is a collection of reports previously printed by Solartron, which describe in some
detail the different analysis processes required in each of these application areas, and discusses
the models proposed for simulation and fitting of EIS data. Real experimental data is presented
and interpreted in terms of these models to illustrate each.

Note:
The ANALEIS software described in these reports is commercially available from Solartron,
Houston (US sales only) or directly from the author:
Professor Florian Mansfeld,
Materials Science Department,
Vivian Hall 714,
University Park,
University of Southern California,
Los Angeles,
CA 90089-0241,
USA

BTR026

0-1

Preface

0-2

Analysis and Interpretation of EIS Data for Metals and Alloys

BTR026

Analysis and Interpretation of EIS Data for Metals and Alloys

Contents

Contents
Chapter 1
Basic Aspects of the Analysis of EIS Data for Metals and Alloys
1

Introduction

1-1

2

Models for the Simulation and Analysis of EIS Data
2.1 Charge Transfer Control
2.2 Mass Transport Control
2.3 The Inductive Loop

1-1
1-1
1-8
1-13

3

Experimental Considerations for the Collection of EIS Data
3.1 Hardware
3.2 Software
3.3 Experimental Requirements

1-16
1-16
1-16
1-16

4

References

1-17

Chapter 2
EIS Studies of Polymer Coated Metals and Alloys
1

Introduction

2-1

2

Models for the Simulation and Analysis of EIS Data for Polymer Coated Metals

2-1

3

Experimental Acquisition of EIS Data for Polymer Coated Metals and Alloys
3.1 Hardware
3.2 Software
3.3 Experimental Requirements for Polymer Coated Metals and Alloys

2-2
2-3
2-3
2-3

4

Experimental EIS Data for Polymer Coated Metals

2-4

5

Analysis of Experimental EIS Data for Polymer Coated Metals and Alloys
5.1 Fitting of Experimental Data
5.2 Simulated vs. Experimental Data

2-5
2-6
2-6

6

References

2-9

Chapter 3
The Use of EIS for the Study of Localised Corrosion
1

Introduction

3-1

2

Literature Review

3-1

3

Model for the Simulation and Analysis of EIS Data for Localised Corrosion of
Aluminium Based Materials

3-2

4

Experimental Considerations for the Collection of EIS Data

3-5

5

Analysis of Experimental EIS Data for Localised Corrosion of an Aluminium Alloy

3-5

6

References

BTR026

3-16

0-3

Analysis and Interpretation of EIS Data for Metals and Alloys

Contents

Chapter 4
Characterisation of Anodic Layers on Aluminium with EIS Measurements
1

Introduction

2

Literature Review
2.1 Models for Simulation and Analysis of Anodic Layers on Aluminium
2.2 Applications

4-1
4-1
4-14

3

Experimental Considerations for the Collection of EIS Data

4-18

4

Analysis of Experimental EIS Data for Anodised Aluminium

4-18

5

References

4-24

0-4

4-1

BTR026

Analysis and Interpretation of EIS Data for Metals and Alloys

Introduction

1
Basic Aspects of the Analysis of
EIS Data for Metals and Alloys
1

INTRODUCTION
This Application Note will discuss the models used for the simulation and analysis of EIS
data for simple cases of corrosion reactions under charge transfer control or mass
transport control. Systems for which an inductive loop is observed will then be discussed.
Examples for the analysis of experimental EIS data with software will be presented for the
three different cases. The hardware and software requirements for the collection of EIS
data will also be considered.

2

MODELS FOR THE SIMULATION AND ANALYSIS OF EIS
DATA

2.1

CHARGE TRANSFER CONTROL
Simple corrosion systems which are entirely under charge transfer control and the cases
of uniform corrosion on homogeneous surfaces can be described by the simple equivalent
circuit (EC) in Figure 1-1. This EC allows the establishment of correlations between
electrochemical system parameters and characteristic impedance elements (1). In Figure
1-1 Cdl is the capacitance of the electrode surface and Rp is the polarisation resistance
which is inversely proportional to the corrosion current density icorr.
Rp = B/icorr

(1)

where B is a combination of the Tafel slopes ba and bc
B = babc/2.3(ba + bc)

(2)

All ohmic resistances in the system under study such as the electrolyte resistance, cable
resistances, etc. are contained in Rs, the solution resistance term.
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Figure 1-1 - Equivalent Circuit (EC) for a simple corrosion system under charge
transfer control

The impedance modulus Z(jω) for the EC in Figure 1-1 can be expressed as a function of
frequency f = ω/2Π as follows:
Z(jω) = Rs+ Rp/(1+ jωCdlRp)

(3)

The values of Rs and Rp can be determined from the high (Eq. 4) and low (Eq. 5)
frequency limits of the measured impedance spectra, respectively:
Rs = lim IZI
f→∞

(4)

Rs + Rp = lim IZI
f→0

(5)

and

Various approaches can be used to determine the experimental value of Cdl as described
below.
The different methods most commonly used for the display of experimental impedance
data and the corresponding analysis routines which are part of the BASICS software
package will now be described in general terms.

2.1.1

Complex Plane Plots and Analysis by Circle Fitting
A number of different methods are used at present for displaying the experimentally
determined complex impedance Z (jω) = Z’ + jZ” (1). In a complex plane plot of -Z” vs. Z’
a semicircle is obtained with a radius of Rp/2 (Figure 1-2). The values of Rs and Rp can
be determined from the intercept of the semicircle on the real axis according to Equations
4 and 5. The capacitance Cdl can be obtained from the frequency fmax of the maximum of
the imaginary impedance Z” and Rp:
Cdl = 1/2ΠfmaxRp

1-2

(6)
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In most cases reported so far impedance data obtained at the corrosion potential Ecorr
have the shape of depressed semicircles with the centre of the circle below the real axis
as shown in Figure 1-2 (1). Kendig and Mansfeld (2 - 5) have accounted for such
deviations from the ideal behaviour
(Equation 3) by introducing an exponent a which leads to:
Z(jω) = Rs+ Rp/{1 + (jωCdlRp)a }

(7)

It is important to recognise that the use of the exponent a in Equation 7 is only a formal
description of the experimental data and that the physical meaning is not clear. However,
the use of a in the analysis of EIS data allows a qualitative evaluation of a corroding
system and its changes with exposure time and other experimental variables. The
inhomogeneous surface model proposed by Juettner, Lorenz, Kendig and Mansfeld (6)
probably describes such experimental data better; however very few applications of this
very complicated model, which combines charge transport with mass transport, have
been given (7).
The determination of the experimental values of Rs, Rp and Cdl is facilitated by the
application of numerical fitting procedures such as the computer program CIRFIT, which
was first developed by Kendig and Mansfeld (8) for the evaluation of complex plane plots.
An improved version of CIRFIT is part of BASICS. Its advantages become apparent
when a complete semicircle cannot be determined in the measured frequency range, the
experimental data show scatter, or when deviations from the ideal behaviour occur.
In their extensive studies of the corrosion behaviour of steel in aerated neutral media,
Mansfeld and Kendig (2, 4, 9) have found that the impedance spectra for iron and steel
rotating cylinder electrodes (RCEs), for which the measurements are carried out under
turbulent flow, generally were in agreement with Equation 7 corresponding to depressed
semicircles in complex plane plots. Figure 1-3 gives an example for iron RCEs exposed
in Thousand Oaks, CA tap water. The diameter of the semicircles decreased with
increasing exposure time indicating that corrosion rates had increased. The experimental
data in Figure 1-3 have been analysed by Mansfeld and Kendig (4) using the CIRFIT
program (8). In Figure 1-4, 1/Rp, Rs and Ecorr are plotted as a function of exposure time
for a different test series. The increase of corrosion rates with a simultaneous decrease
of Ecorr was explained as being due to an increase of the rate of the anodic reaction with
time.
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Figure 1-2 - Complex Plane plots for the EC in Figure 1-1 for a = 1 (curve 1) and
a = 0.8 (curve 2); Rs = 10Ω, Rp = 1000Ω, Cdl = 100µF

2.1.2

Bode plots and Straight Line Fitting
One major disadvantage of the display of experimental data in complex plane plots is the
fact that the dependence of the impedance on the frequency of the applied signal is not
shown directly (10). Therefore, Bode plots are used increasingly for the display of EIS
data obtained for corrosion systems. In Bode plots, log IZI and the phase angle are
plotted vs. log f. The Bode plots for the EC in Figure 1-1 are shown in Figure 1-5 for a = 1
and a = 0.8. An important advantage of such Bode plots is the possibility to detect the
regions which are dominated by resistive elements such as Rs and Rp in which a slope of
zero is observed and regions dominated by capacitive elements for which a slope of -1 is
observed in the ideal case.

1-4
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Figure 1-3 - Complex Plane plots for iron RCE exposed to tap water (from Ref.9)

Figure 1-4 - Time dependence of 1/Rp, Rs and Ecorr for the system in Fig.3 (from
Ref.9)
The elements of the EC in Figure 1-1 can be determined from the high and low frequency
regions of Bode plots according to Equation 4 and 5. The capacitance Cdl can be
calculated from the impedance measured at f = 1/2Π since at this frequency log IZI = -log
Cdl for a = 1. The analysis of Bode plots is facilitated and made more accurate by the use
of the program BODEFIT which is part of BASICS. One of the advantages of BODEFIT is
the possibility to determine Rp even if a clear dc limit does not occur in the measured
frequency range which is needed for the calculation of Rp according to Equation 5.
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The Integration Method
For very corrosion resistant systems (high values of Rp) it is often not possible to collect
sufficient data points in the low frequency range within a realistic experimental time. Many
corrosion systems are not stable due to changes in the corrosion kinetics. This can cause
changes in the numerical values of the elements of the EC in Figure 1-1 during the time
needed to carry out measurements in the mHz region. Kendig and Mansfeld (11) have
therefore proposed the integration method which has the advantage that only data in the
frequency region above fmax (Equation 6) need to be recorded. As in all applications of
analysis routines, the user has to make
sure that the data to be analysed agree with the model on which the analysis is based
such as the simple model shown in Figure 1-1 or its modification in Equation 7.
The INTFIT integration method within BASICS is based on one of the elements in the
Kramers-Kronig relationships (12,13) which assumes a symmetric dependence of Z” with
respect to fmax. According to Equation 8, Rp can be determined from a plot of -Z” vs. log
f:
fmax
Rp = (9.2/∏) ∫ Z” (f) d log f
∞

(8)

The capacitance Cdl and the value of a can also be obtained with the integration method
according to:
Cdl = 1/2∏ fmax Rp

(9)

a = (4/∏) arctan (2 Z” max/Rp)

(10)

where Z”max is the imaginary part of the impedance at fmax.
The integration plot (-Z” vs. log f) is shown schematically in Figure 1-6 for a = 1 and
a = 0.8. A sharp maximum of Z”max at fmax is observed for a = 1. It becomes less
pronounced as the system deviates from the assumed ideal behaviour. One of the main
advantages of the integration method is the independence of the plot on the value of Rs
(14). The curve shown in Figure 1-6 does not change as Rs increases with the resistivity
of the corrosive medium. Therefore the integration method becomes very valuable for low
conductivity media for which Rs approaches or even exceeds Rp (14). In these cases the
use of Bode plots for the analysis of the EIS data would not be very useful since the
spectra would be dominated by Rs.

1-6
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Figure 1-5 - Bode plots for the EC in Fig. 1 for a = 1 (curve 1) and a = 0.8 (curve 2);
Rs, Rp, Cdl as in Fig. 1-2
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Figure 1-6 - Plot of -Z” vs. Log f for the EC in Fig. 1 for a = 1 (curve 1) and
a = 0.8 (curve 2); Rs, Rp, Cdl as in Fig. 1-2

1-8
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MASS TRANSPORT CONTROL
One of the basic reaction schemes in electrochemistry is described by the Randles circuit
shown in Figure 1-7 which describes the response of a single-step charge transfer
process with diffusion of reactants and/or products to the interface (15,17). The Warburg
impedance W is given by:
W = σ ω ½ (1-j)

(11)

where σ is the Warburg coefficient. The charge transfer resistance Rct has been used by
Epelboin et al. (16) for cases such as that shown in Figure 1-7. Rct is usually defined as
the impedance at low frequencies extrapolated to Z” = 0 (see Figure 1-7).

Figure 1-7 - Randles Circuit
Figure 1-8a gives a typical complex plane plot for the EC in Figure 1-7, while Figure 1-8b
shows the corresponding Bode plots. Figure 1-8c is a so-called Randles plot in which Z’
-1/2
is plotted vs. ω . According to Equation 11 the Warburg coefficient a can be determined
from the slope of the straight line in the Randles plot. Spectra as those shown in Figure
1-8(a- c) can be simulated as well as analysed with the appropriate routines in BASICS.
The complex plane plot in Figure 1-8a is characterised by a capacitive arc at high
frequencies followed by a straight line with a slope of 45° at the lower frequencies.
Depending on the relative values of the elements in the EC of Figure 1-7 the capacitive
arc might be less pronounced than shown in Figure 1-8a, which could make the analysis
of such data more difficult. The intersection of the straight line in Figure 1-8a with the Z’
2
axis is given by Rs + Rct - 2σ Cdl which shows that the experimental impedance plots
according to the model in Figure 1-7 depend on the relative values of Rct, Cdl and σ.
The spectra shown in Figure 1-8 have been calculated under the assumption of a
diffusion layer with infinite thickness. It can be shown that for a diffusion layer of finite
thickness the impedance decreases again at the lowest frequencies (15,17).
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Experimental data agreeing with the Randles circuit (Figure 1-7) are presented in Figure
1-9 for a 7OCu-3ONi alloy which had been exposed for two weeks to a seawater medium
containing a copper-tolerant micro-organism (18). The analysis of these data with the
analysis program WARFIT, which is part of BASICS, and a comparison of the
experimental and the fitted data is shown in Figure 1-10 in a complex plane plot. The fit
parameters Rs, Rct, Cdl, σ and a are also listed in this display. Figure 1-10 is the final step
of the analysis of data corresponding to the Randles circuit using WARFIT. It will be
noted that analysis was possible despite the fact that few experimental data were
collected in the low frequency region where the mass transport process can be clearly
recognised.
Juettner et al. (7) have studied the corrosion inhibition of iron in neutral sulphate solutions
by 1,6 hexane biphosphonic acid and other inhibitors using rotating disc (RDE) electrodes.
The impedance spectra showed two capacitive time constants in the absence of the
inhibitor, but only one time constant in the presence of the inhibitor. The inhomogeneous
surface model (6) which takes into account the effects of charge transfer and mass
transport has been used by Juettner et al. (7) for the analysis of these impedance spectra.
The analysis of such complicated spectra is often difficult due to the large number of
parameters in the model. However, it should be recognised that this model can be used
to analyse experimental impedance data without the use of the exponent a (Equation 7).

1-10
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Figure 1-8 - Complex plane plot (Fig. 8a), Bode plots (Fig. 8b) and Randles plot
(Fig. 3c) for Randles circuit
BTR026
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Figure 1-9 - Impedance plans for 70Cu-30Ni alloy after exposure to seawater
medium (from Ref. 18)
1-12
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Figure 1-10 - Results of the analysis of the data in Fig. 1-9 with Warfit
BTR026
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THE INDUCTIVE LOOP
The interpretation of the inductive loop is one of the most difficult problems in the
application of EIS for corrosion systems both from an experimental as well as from a
theoretical standpoint. Most experimental impedance spectra containing an inductive loop
in the low-frequency region have been determined for iron-based materials at Ecorr in
acid media in the presence of inhibitors. Occasional attempts to analyse such spectra on
the basis of an inductance or negative capacitance and resistance values cannot be taken
seriously since such analyses have no physical meaning.
Lorenz and Mansfeld ( 19) have reported impedance data obtained at Ecorr for iron and
steel in acid media containing inhibitors. In the case of an iron rotating disc electrode in
0.5 M H2S04 containing triphenylbenzylphosphonium chloride (TPBP+), Rp determined
according to Equation 5 as the dc limit of the impedance agreed with the Rp values
calculated from dc polarisation curves and solution analysis by atomic absorption. For
iron in 0.5 M H2S04 containing propargylic alcohol, which was one of the first systems
investigated with EIS by Epelboin et al. (16), the impedance data at the lowest
frequencies, where an inductive loop was observed, were found to depend on the
magnitude of the applied ac signal. This result shows that the experimental data cannot
be considered to be real impedance data since the system is not linear. Additional
complications for this system have been discussed by Lorenz and Mansfeld (19).
Simulation and analysis of impedance data for systems with an inductive loop is
performed in BASICS with the equivalent shown in Figure 1-11. For the simulation of
impedance data such as those shown in Figure 1-12 the charge transfer resistance Rct
has to be larger than Rp and the time constant RpCdl2 has to be larger than RctCdl1.
These requirements mean that C dl2 has to be much larger than Cdl1.

Figure 1-11 - EC for system with inductive loop
For Mg AZ31 an inductive loop was observed during exposure to 0.5 N NaCl where
severe pitting occurred (Figure 1-13). The results of the fit of these data to the EC in
Figure 1-11 using INDFIT are also shown in Figure 1-13. It should be noted that the EIS
data obtained for Mg in solutions where pitting occurs are very different from those for Al
and Al-based metal matrix composites for which the pitting model applies (20), as
described later in this monograph.
In carrying out the simulations and analyses with the program INDFIT it has to be
remembered that so far no satisfactory explanation for the occurrence of an inductive loop
has been given. The analysis of data such as those in Figure 1-13 should - at the present
stage of knowledge - be considered merely as a mathematical operation. However, the
determination of Rp in the definition according to Equation 5 should provide reliable data
for the calculation of corrosion rates.
1-14
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Figure 1-12 - Complex plane plot for EC in Fig. 11
BTR026
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Figure 1-13 - Experimental impedance data for Mg AZ31 exposed to 0.5N NaCI
and the results of analysis with Indfit
1-16
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Introduction

EXPERIMENTAL CONSIDERATIONS FOR THE COLLECTION
OF EIS DATA
The following factors concerning hardware and software for the collection of experimental
EIS data should be considered where accurate measurements are desired.

3.1

HARDWARE
Excellent results have been obtained with Solartron’s1250 Frequency Response Analyser
(FRA) combined with Solartron’s 1286 potentiostat. Solartron’s 1255 and 1260 FRAs
allow extension of the high-frequency limit of the impedance spectrum to more than 1
MHz and to reduce the time required for the determination of an impedance spectrum.

3.2

SOFTWARE
The software for the collection of EIS data should allow autoranging of the current
measuring resistor and a choice of different data collection procedures in the high and low
frequency regions. The software program ZPlot meets these requirements.

3.3

EXPERIMENTAL REQUIREMENTS
Frequency Range
The frequency range in which data should be collected depends upon the system being
analysed. For charge transfer experiments, this is typically from 20 kHz down to about
10 mHz. In most cases 10 data points which are equally spaced on a logarithmic scale
are measured per decade of frequency. It is important to ensure that the potentiostat
being used has a sufficient bandwidth for the measurement frequency range.
Current Measuring Resistor
Because the impedance of electrochemical systems may change over many orders of
magnitude, it is extremely important to adjust the current measuring resistor Rm during
the course of the measurement. This adjustment ensures that impedance data are
measured with equal accuracy at the highest frequencies, where the impedance is low,
and the lowest frequencies, where the impedance is higher. In general, Rm should ideally
be within a factor of 10 of the impedance to be measured. Software such as ZPlot
provides autoranging of Rm. It is also possible to record the spectrum in two or more
parts with manual adjustment of Rm. The different data sets are then combined into one
file.
AC Signal
It is important to apply a small ac perturbation to the system in order not to disturb it
significantly from its steady state. Under this condition, the system can be considered
linear. Typically a signal in the region of 10 mV is applied.
Data Averaging
In order to obtain satisfactory data and reduce the scatter of the experimental data, it may
be necessary to perform a sufficient number of measurements at each frequency. This
can be accomplished most easily by increasing the integration time of the FRA.
Display of Experimental Data
It is very useful to display the experimental data on the screen of a computer while they
are being measured. In this way, any errors in the set-up of the experiment or problems
with the sample can be detected before the entire frequency spectrum has been collected.
This is possible with the ZPlot software mentioned above.
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2
EIS Studies of Polymer Coated
Metals and Alloys
1

INTRODUCTION
One of the most successful applications of Electrochemical impedance Spectroscopy
(EIS) has been in the evaluation of the properties of polymer coated metals and their
changes during exposure to corrosive environments. While it has not been possible in the
past to obtain any meaningful mechanistic information with the traditional dc techniques,
EIS is now being used in the evaluation of an ever increasing variety of polymer coatings
on metals and alloys.
The models used for the simulation and analysis of ETS data for polymer coated metals
and alloys will be discussed, and experimental data together with examples for the
application of COATFIT data analysis software will be presented.

2

MODELS FOR THE SIMULATION AND ANALYSIS OF EIS
DATA FOR POLYMER COATED METALS
Most impedance data reported in the literature for polymer coated metals which have
been exposed to corrosive media agree with the simple model shown in Figure 2-1 (1 - 4).

Figure 2-1 - Model for the impedance of a polymer coated metal
Rs corresponds to the uncompensated resistance between the reference electrode and
the test electrode and Cc is the capacitance of the polymer coating which is given by:
Cc = εεoA/d

BTR026
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where ε is the dielectric constant of the polymer, εo is the dielectric constant of free space
(8.85*10-14 F/cm), A is the exposed area of the test electrode and d is the thickness of the
coating. Rpo is the pore resistance which is due to the formation of ionically conducting
paths across the coating (1 - 4). Rp is the polarisation resistance of the area at the
polymer/coating interface at which corrosion occurs and Cdl is the corresponding
capacitance. Occasionally it has been suggested to add other impedance elements to the
equivalent circuit in Figure 2-1. Haruyama et al. (5) have added a Warburg impedance in
series with Rp (Figure 14), however no experimental data have been reported which
support this assumption. Kendig and Mansfeld (1) have found experimentally that for
phosphated and polymer coated steel a transmission line-type impedance behaviour
occurred at the lowest frequencies.
An evaluation of the experimental EIS data published so far is often made difficult by the
tendency to present these data in the linear complex plane format. Since the impedance
for coated metals changes over many orders of magnitude, between the value for Rs at
the very highest frequencies to that of Rs + Rpo + Rp at the very lowest frequencies, the
EIS data are better displayed as Bode plots in which the magnitude of the logarithm of the
impedance modulus IZI and the phase angle P are plotted vs. the logarithm of the applied
frequency f (6).
Figure 2-2 shows theoretical impedance spectra which have been calculated using
COATFIT for a typical polymer coating with a thickness of 10µm (7). It has been
assumed that the area fraction at which corrosion occurs increased from D = 10-4 to 1.0.
Certain parameters such as breakpoint frequency fb, fmin and Pmin which are useful for
the analysis of coating damage and corrosion at the metal interface (see sections 4 and 5
below) are indicated in Figure 2-2 as a function of D, the delamination ratio.

Figure 2-2 - Simulated impedance spectra for a polymer coated metal as a function
of the delamination ratio D =104 (curve 1), 10-3 (curve 2), 10-2 (curve 3), 10-1 (curve
2
4) and 1.0 (curve 5), dzl0pm and A =32cm
2-2
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EXPERIMENTAL ACQUISITION OF EIS DATA FOR
POLYMERCOATED METALS AND ALLOYS
The low capacitance and very high resistance values which have to be measured for
metals with polymer coatings require special considerations for the hardware
requirements, the procedure for collecting experimental impedance data and the software
for the analysis of these data. The first two points will be discussed in the following, the
last point will be covered in Section 5.

3.1

HARDWARE
As discussed previously, Solartron’s 1250 Frequency Response Analyser (FRA)
combined with Solartron’s 1286 potentiostat have given very satisfactory results. The
recently introduced Solartron 1255 and 1260 FRAs allow the high-frequency limit of the
impedance spectrum (almost 1 MHz) to be obtained. This is important for recording the
coating capacitance Cc of coatings containing natural or artificial defects.

3.2

SOFTWARE
The software program ZPlot satisfies the requirements of current resistor autoranging and
choice of data collection procedures in the high and low frequency regions.

3.3

EXPERIMENTAL REQUIREMENTS FOR POLYMER COATED METALS AND
ALLOYS
In addition to the general principles discussed earlier, the following specific points should
be taken into consideration when measuring ETS data of polymer coated metals and
alloys.
Electrode size
In order to lower the experimental values of the resistance and increase the capacitance
values the exposed area of the electrode needs to be increased with increasing coating
thickness (4). A ratio of area to thickness exceeding 104cm provides satisfactory results.
2
Mansfeld and Kendig have been using an area of 20 cm for a coating thickness of 10 - 20
µm (1 - 3).
Reference Electrode
It is essential to use a pseudo-reference electrode to avoid the phase shift which is
introduced at the highest frequencies when reference electrodes such as the saturated
calomel electrode (SCE) are used (8). This pseudo-reference electrode consists of a
SCE which is capacitively coupled to a metal wire such as Pt which extends to the tip of
the Luggin capillary.
Applied Potential
EIS data for polymer coated metals are usually determined at the corrosion potential Ecorr.
Since for very protective coatings a true Ecorr cannot be measured, a potential which is
close to Ecorr for the bare metal is often applied. For steel in aerated NaCI a value of -600
mV vs. SCE is reasonable.
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Frequency Range
The frequency range in which data should be collected extends from the highest available
frequency to about 10 mHz. This lower limit depends on the coating thickness, exposed
area and the extent of coating damage (see Figure 2-2). In most cases 10 data points
which are equally spaced on a logarithmic scale are measured per decade of frequency.
The high frequency range is generally limited by the bandwidth of the potentiostat (in the
case of Solartron’s 1286, this is 1MHz).
Current Measuring Resistor
Since the impedance of polymer coated metals changes over many orders of magnitude,
it is extremely important to adjust the current measuring resistor Rm during the course of
the measurement (9). This adjustment ensures that impedance data are measured with
equal accuracy at the highest frequencies, where the impedance is low, and the lowest
frequencies, where the impedance is very high. In general, Rm should be within a factor of
10 of the impedance to be measured. Software such as ZPlot provides autoranging of
Rm. It is also possible to record the spectrum in two or more parts with manual
adjustment of R m. The different data sets are then combined into one data file.
AC Signal
Since a polymer coated metal can be considered a linear system - at least as long as it
does not contain considerable corrosion damage - it is possible to use a larger ac signal
than for bare metals and thereby decrease the scatter of the experimental data. A
satisfactory approach involves the application of ac signals of about 100 mV in the high
frequency range which are then decreased in current overload does not occur.
Data Averaging
In order to obtain satisfactory data and reduce the scatter of the experimental data, it is
necessary to perform a sufficient number of measurements at each frequency. The use
of a measuring time of 10 sec at frequencies exceeding 1 Hz and collection of the data in
the frequency range below 1 Hz with the auto-integration procedure of the model 1250
FRA has provided satisfactory results.
Exposure Period
In order to determine the corrosion resistance of a polymer coated metal it is often
necessary to expose it to a corrosive environment such as 0.5 N NaCI for extended time
periods. During this time period the impedance spectra will change if the coating
properties deteriorate and corrosion occurs at the metal/coating interface. The observed
changes of the EIS data can be used for mechanistic interpretations. Sometimes a small
defect is applied to the coating which allows an analysis of the time dependence and
extent of coating delamination and the evaluation of the reaction kinetics in the defect (7,
10).

2-4
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EXPERIMENTAL EIS DATA FOR POLYMER COATED
METALS
Figure 2-3 shows experimental EIS data for epoxy coated (d = 27µm) SiC/Al as a function
of exposure time to 0.5 N NaCl (7). No changes in the impedance spectra were observed
over a three month period (curve 1) except for a small increase of the coating capacitance
Cc which corresponded to a water uptake of about 0.8%.

Figure 2-3 - Bode plots for epoxy coated Al/SiC during exposure to 0.5 N NaCl
(open to air)
In a different experiment with epoxy coated Al/SiC a small hole with a diameter of 0.7 mm
was drilled through the coating into the metal in order to study the effects of a coating
defect on corrosion at the coating/metal interface and on coating delamination (7).
Dramatic changes occurred in the impedance spectra which were now totally dominated
by the reactions in the defect (curve 2 - 5 in Figure 2-3) except at the highest frequencies
where the contribution from Cc can be detected. The pore resistance Rpo at short
exposure times (curves 2 and 3) corresponds to the resistance calculated for the
conductivity of NaCl and the dimensions of the hole. With increasing exposure time Rpo
increased, presumably due to plugging of the defect with corrosion products which were
observed to cover the hole. The increase of the double layer capacitance Cdl with time is
considered to be due to the increase of the corroding area of the defect.
Impedance spectra for Mg AZ31 with a Dow #17 pre-treatment (thick anodising) and an
Araldite 985 (system A) or Araldite 961 (system B) sealant are shown in Figure 2-4 as a
function of exposure time to NaCl (7). The changes of the spectra with increasing
exposure time are in agreement with the model in Figure 1. For the sample with the
Araldite 985 sealant a minimum of the phase angle Pmin is observed at a frequency fmin
after 7 days. After about two weeks the breakpoint frequency fb can also be observed.
Figure 2.5 shows that with increasing exposure time Pmin decreases and fb move to
higher frequencies. These results suggest that parameters such as Pmin and fmin and fb
which are easily measured at relatively high frequencies are very useful for qualitative
monitoring of coating performance.
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Figure 2-4 - Bode plots for coated Mg AZ31 as a function of exposure time
to 0.5 N NaCl

Figure 2-5 - Time dependence of Pmin, fmin and fb for system A in Fig.2-5

5

ANALYSIS OF EXPERIMENTAL EIS DATA FOR POLYMER
COATED METALS AND ALLOYS
Experimental EIS data for polymer coated metals can be analysed with the COATFIT data
analysis program provided that these data are in agreement with the model in Figure 2-1.
The results of the analysis provide numerical values for Rs, Cc, Rpo, Rp and Cdl. In
addition, several experimental parameters which have been shown to be related to
coating damage and corrosion at the metal/coating interface (7) are displayed. These
parameters include the minimum of the phase angle Pmin, which appears as a result of
increased coating conductivity, the corresponding frequency fmin, and the breakpoint
frequency fb which corresponds to a phase angle of a*45° with O≤ a ≤51.
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A delamination ratio D is calculated which is based on the ratio of the experimental value
2
of Cdl and the theoretical value Codl 20µF/cm for the double layer capacitance. Based on
the value of D, the delaminated area at which corrosion is assumed to occur is calculated
as:
Acorr = A x D = A x Cdl/Codl

(2)

where A is the exposed area of the coated test electrode.
These data are displayed in a table which summarises the results of the data analysis. At
the end of the analysis the experimental and the fitted impedance spectra are
superimposed and can obtained as a hard copy.

5.1

FITTING OF EXPERIMENTAL DATA
Figure 2-6 gives an example of the use of COATFIT in the analysis of EIS data for
polymer coated metals. The Bode plots for the experimental and the fit data can be
viewed superimposed on the computer screen (Figure 2-6). The results of the analysis
are shown in a Table next to the Bode plots. These results include the elements of the
equivalent circuit in Figure 2-1 and the other parameters which have been calculated as
discussed above.

5.2

SIMULATED VS. EXPERIMENTAL DATA
It is possible using COATFIT to compare theoretical and experimental ETS data. After
inputting values for Rs, Cc, Cdl, Rpo, Rp, a1, a2 and entering the frequency range for the
simulated data and the experimental data file, the theoretical and the experimental data
are shown superimposed in Bode plots. The frequency range for the theoretical
impedance data can be expanded to show the frequency dependence of the impedance
at frequencies which are higher and lower than the frequency range used for the
recording of the experimental data (Figure 2-7).
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Figure 2.6 - Comparison of experimental and fitted impedance data
2-8
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Figure 2.7 - Comparison of the simulated and experimental impedance data from
fig. 2.6 in an expanded frequency range
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3
The Use of EIS for the Study of
Localised Corrosion
1

INTRODUCTION
Localised corrosion in the form of pitting or crevice corrosion is one of the most important
types of corrosion. Despite the recognised need to quantify the details of localised
corrosion, progress has been quite slow. Most studies have relied on dc techniques to
determine parameters such as the pitting potential and the protection potential. Even if
the experimental problems in determining reproducible values of these potentials are
disregarded, there remains the problem that the pitting and the protection potential only
indicate a potential region in which localised corrosion might occur. For engineering
purposes the parameter of interest is the rate at which pits and crevices -once initiated will grow. Recent studies of localised corrosion of Al-based materials (1-6) have
demonstrated that, at least for these materials, Electrochemical Impedance Spectroscopy
(EIS) is a very powerful tool for the detection of the initiation of pits and crevices and for
the monitoring of their growth rates.
Previous attempts to use EIS for the study of localised corrosion will first be discussed in
this report, which will then focus on the model used by Mansfeld and co-workers for the
simulation and analysis of ETS data for localised corrosion of Al-based materials (1-6).
Finally, a detailed example for the application of PITFIT, a software package to address
the specific case of localised corrosion of aluminium-based materials, will be presented.

2

LITERATURE REVIEW
A literature search on the subjects “EIS” and “localised corrosion” will produce several
hundred citations for each subject. However for “EIS/localised corrosion” only a few
citations will be found. The Proceedings of the 2nd International Congress on Localised
Corrosion, which was held in 1987, contain only a paper by McKubre et al. (7) on the use
of harmonic impedance spectroscopy for the determination of the rates and mechanisms
of localised corrosion and a paper by Mansfeld et al. (8) concerning the use of ETS for the
study of reactions at metal/coating interfaces. In the Proceedings of the 1st International
Symposium on EIS which was held in 1989 only the papers by Juettner (9) and Mansfeld
(6) deal with the application of EIS in the evaluation of localised corrosion phenomena.
The fact that ELS so far has been used much less in studies of localised corrosion than in
other areas might be due to the dynamic nature of most localised corrosion processes.
Under these conditions it is difficult to achieve stable conditions during recording of EIS
data which is one of the conditions which has to be met for the determination of valid
impedance data.

BTR026

3-1

Characterisation of Anodic Layers

Analysis and Interpretation of EIS Data for Metals and Alloys

The papers published so far are mainly from Mansfeld and co-workers (1-6, 8) and
Keddam and Oltra (10,11). Some of the earlier papers have to be viewed with caution.
Trzaskoma et al. (12) observed large scatter in the ETS data and inductive behaviour at
the lowest frequencies for Al/SiC metal matrix composites exposed to 0.6 N NaCl. Such
behaviour was not observed in the later studies of Mansfeld et al. (6) and is considered to
be due to experimental artefacts. Dawson and Ferreira (13,14) have reported impedance
data for stainless steel type 316 exposed to 3% NaCI at the pitting potential. The peculiar
shape of their complex plane plots could be due to increases in the current as the pits
grow. However, the authors claim that this feature was not the result of changes during
the measurement (13). The experimental impedance data obtained for pitting (13) and
crevice corrosion (14) were fitted to a complicated model using a Warburg impedance
and a parallel combination of negative resistors and capacitors.

3

MODEL FOR THE SIMULATION AND ANALYSIS OF EIS
DATA FOR LOCALISED CORROSION OF ALUMINIUMBASED MATERIALS
The impedance data reported by Mansfeld and co-workers for A1 based materials which
have been exposed to NaC1 agree with the model shown in Figure 3-1 (1-6). Rs
corresponds to the uncompensated resistance between the reference electrode and the
test electrode. Cp and Rp are the capacitance and the polarisation resistance,
respectively, of the passive surface, while Cpit and Rpit are the corresponding parameters
for the area at which localised corrosion occurs. F is the area fraction (0≤ F ≤1) which is
penetrated by pits or crevices. The occurrence of localised corrosion can be recognised
by the presence of a transmission line impedance W, where
W = K F-1 (jω)n

(1)

Since the impedance changes over many orders of magnitude between the value for Rs at
the very highest frequencies to that at the very lowest frequencies, the EIS data should be
displayed as Bode plots in which the magnitude of the logarithm of the impedance
modulus IZI and the phase angle P are plotted vs. the logarithm of the applied frequency f
(15).
Figure 3-2 shows theoretical impedance spectra which have been calculated using PITFIT
for a typical case of localised corrosion of an A1 alloy exposed to a corrosive solution
such as NaG1 (open to air) (1-6). Curve 1 corresponds to the alloy in its passive state as
it will occur in the early stages of exposure, while curve 2 represents the EIS data
observed when 0.5% of the exposed surface is covered with pits. This rather small
amount of pits produces large changes in the impedance spectra (Figure 3-2, curve 2).
Among these characteristic features are the large decrease of the impedance in the
capacitive region due to the contribution by Cpit and the frequency dependence of the
phase angle due to W at the lowest frequencies, where a minimum of P is observed.
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Figure 3-1 - Pitting model for Al based materials
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Figure 3-2 - Simulated impedance spectra for the model in Fig. 3-1 as a function of
the pitted area fraction F. Curve 1: F = 0; curve 2: F = 0.005
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EXPERIMENTAL CONSIDERATIONS FOR THE COLLECTION
OF EIS DATA
A general discussion of the experimental requirements for the collection of EIS data has
been given earlier.

5

ANALYSIS OF EXPERIMENTAL EIS DATA FOR LOCALISED
CORROSION OF AN ALUMINIUM ALLOY
In the following the use of PITFIT in the analysis of experimental impedance data will be
illustrated for Al 7075-T6 which had been passivated in a CeCI3 solution (1-4) and then
immersed in 0.5 N NaCI (open to air) for a period of about 5 weeks. Using certain
assumptions (5,6) it will be possible to determine the time dependence of the parameters
in the equivalent circuit in Figure 3-1 and to draw conclusions concerning the time law for
pit growth rates.
Figure 3-3 shows a comparison of experimental data obtained after 1 day of immersion
and fit data which had been obtained using PITFIT. The agreement between the two
curves is very good except at the highest and lowest frequencies. Since localised
corrosion had not been initiated for this material as a result of surface modification in
CeCl3, only one time constant - a parallel combination of Rp and Cp - is observed. The
2
capacitance Cp = 7.9µF/cm corresponds to that of the modified surface film. The high
2
value of Rp = 3.13MQ.cm reflects the excellent corrosion resistance after one day
immersion. The parameter a 0.957 shown in the inset of Figure 3-3 is used to account for
the non-ideal capacitive behaviour.
Pitting initiated after about 24 days exposure. Figure 3-4 shows the first impedance
spectrum collected after initiation of pitting. At this time very little evidence of pitting could
be observed visually. The occurrence of pitting is indicated in the low-frequency region by
the changes in slope of the log IZI - log f and the P - log f curves. The result of the fit of
the experimental data to the model in Figure 3-1 is shown in the Table in Figure 3-4. The
quality of the fit can be judged by observing the plots of the relative error of the impedance
modulus IZI (Figure 3-5) and the difference between the measured and the fitted values of
the phase angle (Figure 3-6) as a function of frequency. Inspection of these plots for the
data in Figure 3-4 shows that a very good fit was obtained with somewhat larger
deviations occurring at the highest and lowest frequencies and in the frequency region
between 100 and 1000 Hz. It is possible using PITFIT to eliminate data points exceeding
a certain threshold level of scatter and repeating the analysis.
The analysis of spectra such as that shown in Figure 3-4 results in the values of Rs,
Rp/(1-F), Rpit/F, K/F, n, a and Ct (see Table inset to Figure 3-4), where Ct is given by
Ct = Cp (1 - F) + FCpit

(2)

Since F is very small at this time, Rp can be obtained and Ct is quite similar to Cp.
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By proceeding with the analysis, the time dependence of Ct and Rp (Figure 3-7), Rpit/F
and K/F (Figure 3-8) and n and a (Figure 3-9) can be determined. It will be noted that Ct
increases continuously as pits grow due to the increasing contribution by FCpit (Figure 37). At the same time Rp decreases probably due to uniform attack of the protective
surface film. Rpit/F shows a continuous decrease with time, while K/F remains at a
constant value except for a decrease after 37 days (Figure 3-8). The value of n changes
slowly with time from about -0.5 when pitting started to -0.4 when the experiment was
stopped after 37 days. The value of a remains at about 0.95 which shows that the
deviation from ideal capacitive behaviour is small.
Since it is not possible at present to determine F and its time dependence separately, the
following approach was taken to determine the values of F, Ropit and Ko. After
termination of the experiment F was determined by visual inspection under a low-power
microscope as 0.04. The experimental value of FCpit at this time (t = 37 days) was
determined from Equation 2, where Cp was taken as the average value for the time before
2
pits initiated (Cp = 154µF) (Figure 3-7). From these data Copit = 96µF/cm was calculated.
The time dependence of F shown in Figure 3-10 was calculated from the data for Ct in
Figure 3-5 using this constant value of Copit. The area of pitting F is seen to increase
from an initial value of about 0.5% to a final value of 4%.
The time dependence of the characteristic values of Ropit and Ko was calculated from the
experimental data in Figure 3-8 as:
Ropit = Reff x 2FA = (Rpit/F) x 2FA [in Ω.cm ]
2
o
K = Keff X 2FA = (K/F) X 2FA [in Ω.cm .(rad/s)-n]
2

and

(3)
(4)

assuming hemispherical pits. As shown in Figure 3-11, Ropit increases continuously with
time which suggests that the rate of pit growth decreases as pits grow larger. Ko also
increases with time indicating the increasing contribution of the transmission line
impedance to the total impedance.
Since the growth law for pits is of central interest in studies of pitting, the time
dependence of Ropit was evaluated in more detail by plotting log (1/Ropit) vs. log (t-t0)
(Figure 3-12), where t0 is the time at which pits were first observed. From a statistical
analysis of this plot the following relation was obtained:

or

log(1/Ropit) = log a + b log(t-t0) =-3.00 - 0.99 log(t-t0)

(5)

1/Ropit = a (t-t0)b = 10-3.00(t-t0) -0.99

(6)

with t0 = 21 days
Hunkeler and Boehni (16) found that pit growth rates decreased according to a t-0.5 law.
In these experiments a potential more positive than the pitting potential was applied, while
in the experiments discussed here the data were collected at Ecorr. For Al 7075-T6
passivated in CeCl3 (Figure 3-12) and for as-received or polished Al 6061 (17), b was
close to -1. It can be assumed therefore that the pit growth law for Al alloys follows the
general equation:
dr/dt = c1t-1,
where r is the radius of a hemispherical pit.
increases logarithmically with time:

The result suggests that the pit radius

r = c2log(t-t0),
where c1 and c2 are experimental parameters.
3-6

BTR026

Analysis and Interpretation of EIS Data for Metals and Alloys

Characterisation of Anodic Layers

Figure 3-3 - Bode plots for Al 7075 (passivated in 1000ppm CeCl3 for 7 days) after
exposure to 0.5N NaCI for one day (A = 20cm2)
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Figure 3-4 - Bode plots for Al 7075 (passivated in 1000ppm CeCl3 for 7 days) after
exposure to 0.5N NaCI for 25 days
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Figure 3-5 - Bode plots for Al 7075 (passivated in 1000ppm CeCl3 for 7 days) after

Figure 3-6 - Bode plots for Al 7075 (passivated in 1000ppm CeCl3 for 7 days) after
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Figure 3-7 - Time dependence of Ct and Rp
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Figure 3-8 - Time dependence of Rpit/F and K/F
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Figure 3-9 - Time dependence of n and a
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Figure 3-10 - Time dependence of F
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Figure 3-11 - Time dependence of R0pit and K0
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Figure 3-12 - Pit growth law for Al 7075-T6 (passivated in 1000ppm CeCl3 for 7 days)
exposed to 0.5N NaCl
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Characterisation of Anodic Layers on
Aluminium with EIS Measurements
1

INTRODUCTION
Anodising is one of the most common methods of corrosion protection for aluminium and
its alloys. It is an electrochemical process in which aluminium is converted into aluminium
oxide by the application of an anodic current in an acidic environment - usually CrO3 (Type
I according to MIL-A-8625) (1) or H2SO4 (Type II) (2). Coating thickness is nominally 2 µm
for Type I and 8 µm for Type II coatings (2). The coating consists of a thin barrier layer
(about 200Å) which is covered by a porous outer layer. For improved corrosion resistance
the anodised surface is usually sealed by immersion in boiling water or a dichromate
solution.
Reports by various authors have shown that Electrochemical Impedance Spectroscopy
(EIS) is ideally suited for the characterisation of anodised layers on Al alloys. Due to the
simple structure of the anodic layer and its excellent corrosion resistance, it is relatively
easy to obtain reproducible impedance spectra and to analyse these spectra in terms of
the properties of the barrier and the porous layer. It is therefore possible to employ EIS in
short term immersion tests as a quality control test method for the anodising process.
Using EIS data obtained during long term immersion in corrosive environments, it is also
possible to predict the corrosion behaviour of anodised Al alloys. The software module
ANODAL, which is part of the software library ANALEIS, has been developed for the
analysis of ETS data for anodised Al alloys and Al-based metal matrix composites (MMC).
This application report will first review published results concerning the use of ETS in the
characterisation of anodised layers on Al alloys with emphasis on models proposed for
the analysis of impedance data. Finally some applications of ANODAL will be presented,
which will illustrate the analysis of EIS data obtained for anodised Al alloys and Al-based
MMCs.

2

LITERATURE REVIEW

2.1

MODELS FOR SIMULATION AND ANALYSIS OF ANODIC LAYERS ON
ALUMINIUM
The impedance technique has been used as early as 1962 by Hoar and Wood, who
studied the sealing process of the porous layer (3). Figure 4-1 shows the model proposed
by these workers for the structure of the anodised layer and an equivalent circuit for the
unsealed oxide (Figure 4-la) and the (partially) sealed porous layer (Figure 4-ib). In
Figure 4-1, C0 is the capacitance of the porous layer, R1 is the resistance of the sealing
solution in the pores of the oxide, R2 is the resistance of the barrier layer between the
bottom of the pores and the metal, and C2 is the capacitance of the barrier layer (3).
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For a barrier layer of d = 200Å and a dielectric constant ε = 10, one obtains C2 = 0.44
2
µF/cm (C = ε0ε/d). For an unsealed oxide containing pores filled with an aqueous
2
solution (ε = 80), C0 was estimated as 0.001 F/cm assuming that the pores cover 10% of
the total surface and including the capacitance of this area in parallel with that of the 90%
area consisting of pure alumina. For the sealed oxide of 15 µm thickness and ε = 10, C0
2
was calculated by Hoar and Wood to be 0.0006 µF/cm . For R1 an experimental value of
2
2
25 Ω.cm was observed compared to the calculated value of 6 Ω.cm (3).
Koda et al. (4) have used the simple equivalent circuit (EC) in Figure 4-1c to interpret
results obtained during sealing in hot water of Al, which had been anodised in 2% oxalic
acid. In this case C0 is the capacitance of the porous layer and R1 corresponds to the
hydrous oxide formed in the pores of this layer. C2 is the capacitance of the barrier layer.
The resistance of the barrier layer is very high and is therefore not included in the EC of
Figure 4-ic. Hitzig et al. (5) determined the dependence of R1 and C0 in Figure 4-1c on
oxide thickness and sealing time for pure Al, which was anodised in sulphuric acid and
sealed in hot water. This investigation demonstrated that ELS over a sufficiently wide
frequency range allows one to examine the properties of the barrier layers and the porous
layer in terms of their mean values of oxide layer thickness, dielectric constant and
electric resistivity.

Figure 4-1 - Model and equivalent circuits (EC) for anodised Al alloys
4-2
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The results presented by Hoar and Wood in tabular form (Table 6 in Reference 3) are
shown in Figure 4-2 as Bode plots based on the EC in Figure 4-1b for sulphuric acid
anodised (SAA) Al with sealing in nickel acetate. These plots illustrate the changes
occurring during sealing and also point out some experimental difficulties in obtaining
accurate data within the limits of presently available equipment (6). In Figure 4-2 the
2
spectra for the unsealed surface show that C0 = 0.001µF/cm cannot be determined from
the electrochemical measurements reported in the literature, since C0 can only be
detected at frequencies exceeding 10 MHz. This frequency range is difficult to measure
with the present equipment due to phase shift problems in potentiostats. Therefore, the
measured impedance spectra for frequencies below 100 kHz consist mainly of a
contribution from C2. The spectra calculated for sealing in nickel acetate based on the
EC in Figure 4-1b change as shown in Figure 4-2 for sealing times of 30 minutes and 24
hours. The contribution from the porous layer extends now to about 10 kHz followed by
an ohmic component due to the resistance in the pores which increases with sealing time.
It is important to note that Hoar and Wood (3) assumed in the analysis of their
experimental data that C0, C2 and R2 remained constant during sealing.
The changes of the spectra with sealing time in Figure 4-2 are therefore due to
pronounced decreases of C1.1 and C1.2. and increases of R1.1 and R1.2 (Figure 4-1b).
More recent investigations of the anodising and sealing process for Al alloys and Al-based
MMCs have not found evidence for the occurrence of a third time constant at lower
frequencies or a dc limit between 10 and 100 mHz for properly anodised and sealed
surfaces (6-9).
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Figure 4-2 - Bode plots for SAA Al with sealing in nickel acetate
(data from Reference 3, Table 2) for EC in Figure 4-1b
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Mansfeld and Kendig (6, 7) have determined significant differences in the impedance
spectra for anodised Al alloys, which had been sealed in hot water or dichromate. Figure
4-3 shows EIS data obtained during exposure to 0.5 N NaCI for Al 7075-T6, which had
been anodised in chromic acid (CAA) and was unsealed, hot water sealed (HWS) or
dichromate sealed (DS), Figure 4-4 shows Bode plots for CAA Al 2024 with HWS or DS.
The results for HWS surfaces in Figures 4-3 and 4-4 are very similar to those reported by
others (5, 8, 9). The impedance data in the high frequency region is determined by the
capacitance of the outer porous layer (C1 in Figure 4-1b) and the resistance of the sealed
pores (R1 in Figure 4-1b). R1 increases with increasing sealing time in hot water (5, 10).
For the DS surface the impedance spectra are almost identical to those for the unsealed
anodised surfaces (Figures 4-3 and 4-4) except for a shallow minimum of the phase angle
at about 30 Hz for the DS surface. The impedance spectra for the unsealed surface are
determined mainly by the capacitance of the barrier layer. Despite the similarity of the
spectra for the unsealed and DS surfaces, the corrosion resistance of the CAA-DS Al
7075 is comparable to the CAA-HWS Al 7075 and far superior to the unsealed surface
(7). These results point to an important difference in the sealing mechanism for HWS and
DS. In HWS the pores in the outer layer are filled with a hydrated oxide, while in DS the
pores are filled with dichromate which acts as a corrosion inhibitor. Mansfeld and Greene
(10, 11) have shown that sealing in a neutral solution of dichromate
(K2Cr2O7/NaOH, pH = 7.65) produces spectra which are similar to those for HWS. It has
also been observed for unsealed samples that the pore resistance R1 (Figure 4-1b)
increases slowly during immersion in NaCI as corrosion products fill the pores (7, 10).

Figure 4-3 - Bode plots for CAA Al 7075-T6 (unsealed, HWS or DS)
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Figure 4-4 - Bode plots for CAA Al 2024-T3 (HWS or DS)
While the examples discussed above demonstrate the use of EIS in the characterisation
of the properties of the oxide layers on anodised Al and its alloys, it is also possible to
determine the corrosion resistance of the anodised layers with EIS. Mansfeld and Kendig
(6, 7) have shown how the ETS data for CAA-DS Al 7075 and CAA-DS Al 2024 change
with time during immersion to 0.5 N NaCl (open to air). For CAA-DS Al 7075, which is
very corrosion resistant, the spectra changed slowly in the low frequency region as a few
pits developed over an 8 day period (Figure 4-5) (7). The phase angle is a very sensitive
indicator of these changes in corrosion resistance. When pits had grown to a certain size,
a new time constant appeared at frequencies below 0.5 Hz (Figure 4-5). For CAA-DS Al
2024 more drastic changes occurred in the entire frequency range as pits developed and
parts of the anodised layer dissolved during immersion in NaCl for 6 days (Figure 4-6).
These changes suggest that both the outer porous layer and the barrier layer had been
attacked.
In order to model the changes in the porous layer and the barrier layer due to corrosive
attack, Lorenz and co-workers have proposed the “passive pit model” and the “active pit
model” (7, 8, 12 - 14). As discussed earlier, Mansfeld and co-workers have developed
the pitting model for localised corrosion of Al alloys (15 - 17). The spectra observed for
pitted Al alloys during exposure to NaCl are similar to those shown in Figures 4-5 and 4-6
for pitted anodised Al alloys. A characteristic feature of the impedance spectra for pitted
Al is the occurrence of a transmission line impedance at the lowest frequencies of the
measurement. Such features can be detected in the results for CAA-DS Al 7075 (Figure
4-5) and CAA-DS Al 2024 (Figure 4-6). It seems therefore necessary to include a
transmission line element in the EC for anodised Al-based materials for which localised
corrosion has occurred.
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Figure 4-3 - Bode plots for CAA-DS Al 7075-T6 as a function of exposure time
to 0.5 N NaCl
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Figure 4-6 - Bode plots for CAA-DS Al 2024-T3 as a function of exposure time
to 0.5 N NaCl
In the passive pit model (Figure 4-7) it is assumed that pits have penetrated only the outer
porous layer without damage to the barrier layer. In Figure 4-7a, the fraction F of the
porous layer, consists of open pits (0≤F≤1). In the EC for this model the contribution from
pits or open pores is in parallel with that from the sealed surface (Figure 4-7a). With
increasing F only the impedance in the high frequency region changes (Figure 4-7b). As
pointed out by Mansfeld and Kendig (7), the passive pit model can also be used to
interpret the sealing mechanism for the dichromate case. For F = 0.5 and the parameters
for the DS surfaces (Figures 4-3 and 4-4). The shallow minimum of the phase angle
between ω = 10 and 100 rad/s also appears in the spectra for CAA-DS Al 2024
(Figure 4-4).
4-8
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Figure 4-7 - The passive pit model (a) model and EC (b) Bode plot
(log Z vs. log f)
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In the active pit model (Figure 4-8a) it is assumed that pits have penetrated both the
porous layer. The corrosion reaction of the exposed as-received Al is characterized by
In the
the polarisation resistance Rcorr and the double layer capacitance Cdl.
corresponding EC this element is in parallel with the elements describing the sealed
surface (Figure 4-8b). As shown in Figure 4-8c even very small values of F lead to
pronounced changes of the spectra in the high frequency region. For F = 0.1 and the
parameters shown in Figure 4-8c, the spectra have been changed drastically and the
ohmic plateau corresponding to Rp can no longer be detected. The large increase of the
capacitance is similar to that observed for CAA-DS Al 2024, however the dc limit
predicted by the active pit model was not observed in Figure 4-6.

Figure 4-8 - The active pit model (a) model and EC (b) Bode plot (log Z vs. log f)
(c) Bode plot (phase angle vs. log f)
4-10
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Juettner et al. (13) have demonstrated the use of the active pit model to characterise the
effects of local damage to the anodised film. Artificial pits were produced by drilling holes
into the surface of SAA-HWS Al 7075 with an oxide layer thickness of 20 µm. Impedance
spectra were obtained during exposure to 0.5 N NaCI. Figure 4-9 shows the experimental
data and curves based on the results of the fit to the active pit model in Figure 4-8. It was
pointed out that the quality of the fit was significantly improved when the parameter a was
introduced which simulates the distribution of time constants due to inhomogeneities of
the oxide film with respect to composition, local density and film thickness (14). The use
of a has been discussed in detail earlier. The experimental impedance data were fit by
Juettner et al. (14) to the equations:
ZL(s) = ZL,1 + L,2(s) = ZL,1(s) + ZL,2(s)
1

(1)

ZL(s)- = YL(s) = (1 - F)YL,1 + L,2(s) + FYcorr(s)

(2)

ZL,i(s) = RL,i/(1 + (sRL,i CL,i)ai)

(3)

with i = 1 or 2 and s = jω. Ycorr(s) is the admittance of the corroding bare Al surface. RL,1
and RL,2
refer to the porous layer and the barrier layer, respectively.

Figure 4-9 - Bode plots for SAA Al without artificial pits (O) and with three ( ∆) and
twelve ( ) artificial pits. Solid line represents impedance for fit parameters
(active pit model)
BTR026
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The fit of the experimental data to the EC in Figure 4-8 results in RL,1 = Rp, CL,1 = Cp, α1,
RL,2 = Rb, CL,2 = Rb, α2, Rcorr, αcorr, and F(14). The active pit area was determined by
Juettner et al. (14) by normalising the experimental values of Cdl to the fixed theoretical value
2
2
COdl = 30 µF/cm . For Rcorr, values between 20 and 28 kΩ.cm were determined, which
correspond to corrosion rates of about 10 µm/year.
Careful analysis of a fairly large data set for SAA-HWS Al 6061 has shown (10, 11) that there
is good agreement between the experimental impedance spectra and the models in Figure
4-1c or in Figures 4-8 and 4-9 with F = 0 and inclusion of α1 = αp and α2 = αb. Figure 4-10
gives an example for SAA-HWS Al 6061 exposed to 0.5 N NaCl for 10 days. Anodising was
2
carried out in 15 w/o H2SO4 at a current density of 15 mA/cm for 40 minutes. After anodising
the samples were neutralised in 5 w/o CaCO3 for 5 minutes followed by sealing in boiling
deionised water for 40 minutes.
The fit parameters are given in Table 1 (model 1)(on page 4-15). From the capacitance of
2
the porous layer (Cp = 2.55 pF/cm ) and the thickness of the oxide layer d = 20 µm, which
has been determined by SEM observation of cross sections of the oxide film, a dielectric
constant ε of 58 is calculated. This value falls in the range of ε values reported in the
literature for sealed porous layers. The Rp value is also in agreement with literature values.
2
Using the value of Cb = 1.05 µF/cm and ε = 10, the thickness of the barrier layer can be
calculated as 84Å. The fact that αp and αt, exceed 0.9 confirms the assumption that the
outer porous layer and the barrier layer indeed act as capacitive elements.
Closer inspection of the experimental and fitted spectra shows that there is a very good
agreement in the high and low frequency regions, which are dominated by Cp and Cb,
respectively. However, in the intermediate frequency range, where the impedance is
dominated by the properties of the sealed pores, the agreement is less satisfactory. This
problem is most likely due to the distributed nature of the electric properties of the pores
leading to a transmission line impedance. This problem was realised to a certain extent by
Hoar and Wood (3) in proposing the EC in Figure 4-1b. Hitzig et al. (5) stated that the simple
circuit in Figure 4-1c did not result in a perfect fit of their experimental data and suggested
that a transmission line impedance would provide a better fit. A transmission line impedance
element has been added in series with Rp to provide a more realistic description of the
impedance of SAA-HWS Al (Figure 4-11). This transmission line impedance Zpo has the
form Zpo = K(jω)n. A much improved fit in the entire frequency region is obtained using the
model shown in Figure 4-11 (10, 11). The fit parameters are listed in Table 1 (model 2).
Very similar values are obtained for Cp and Cb with both models. The properties of the
sealed porous layer are described by Rp, K and n in the model in Figure 4-11.
Table 1 (on page 4-15) gives a comparison of fit parameters obtained by various groups for
anodised Al. The data reported by Lizarbe et al. (18) were obtained for SAA-HWS Al (99.8%)
with a coating thickness of 21 µm. Reasonable agreement is observed for the fit parameters
reported by the three different groups. The rather high value of Cp, and the low value of αp in
References 11 and 13 suggest that an insufficient amount of high frequency data (maximum
frequency 10 kHz) was available for an accurate analysis.
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Figure 4-10 - Comparison of experimental impedance plots for SAA-HWS Al 6061
measured in 0.5 N NaCl with plots obtained by a fit to the model in Figure 4-7
for F = 0
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Figure 4-11 - Comparison of experimental impedance plots for SAA-HWS Al 6061
with plots obtained by a fit to the model shown in Fig. 4-11a
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APPLICATIONS
Given the obvious advantages of using EIS for the characterisation of the properties of
anodised layers on Al and its alloys, it is not surprising that a fairly large number of
applications of EIS have been reported in the literature. Hitzig et al. (8) have studied the
influence of different local atmospheric conditions in Germany on the corrosion resistance
of electrolytically coloured or HWS samples. It was possible using ETS to demonstrate
that for samples with d = 10 µm local attack had occurred on the side facing the ground
during exposure to an industrial atmosphere, while the other side remained intact. The
possibility of investigating the properties of the oxide layers facing the ground and facing
the sky for the same sample has also been used by Mansfeld (19), who analysed samples
of SAA-HWS Al 1100 after exposure at three test sites in California. After 15 months
exposure at Visalia no damage was observed; in fact sealing of the outer porous layer
seemed to have improved as can be seen from a comparison of the spectra for the
unexposed and the exposed samples in Figure 4-12. The simple shape of the spectra
suggests that the data agrees with the model in Figure 4-1c or the improved model in
Fig.4-11. Table 2 shows the fit parameters for the unexposed blank and the sides facing
skyward and downward during exposure facing south at an angle of 30 degrees. Cb was
difficult to determine for the exposed sample in the measured frequency range and was
2
therefore considered to remain in the range of 0.3 to 0.7 µF/cm which has been reported
also by others (5- 9). Rp has increased about tenfold during exposure for the side facing
the sky and was even higher for the side facing the ground. The decrease of Cp with time
suggests that the thickness of the porous layer has increased. Apparently, the
wetting/drying cycles in an atmosphere which is not very corrosive favour continued
sealing of the pores in the outer layer. These results demonstrate the detailed information
which is available from EIS for cases where other methods for analysis of corrosion
damage would not be sensitive enough to provide meaningful information.
ELS has been suggested as an alternative to traditional tests such as the salt spray test
by various workers. Mansfeld and Kendig (6) have discussed the use of EIS as a quality
control and corrosion test for anodised Al alloys. Bodu et al. (20) have used the dc limit of
the impedance for anodised Al 2024 as a criterion of its corrosion resistance and have
observed very good agreement with results from the salt spray test. Barcia et al (21) and
Mansfeld and Kendig (7) have pointed out that for a complex system such as anodised Al
it is necessary to record the entire frequency spectrum in order to judge the quality of
anodising and the sealing processes.
Burleigh and Smith (22) have recently
demonstrated a simple method based on EIS for measuring the thickness of the barrier
layer on Al alloys. Barrier layers with thicknesses between 50 and 250A were produced
on Al 5042-H 19 by anodising in a borate solution. The agreement between the barrier
layer thickness estimated from the relation 14 A/V (23) and the value determined from the
capacitive region of the spectra between 1 and 100 Hz using ε = 8.5 was quite good.
Mansfeld and co-workers (10, 11, 24) have observed that the impedance spectra for Albased MMCs are quite different from those obtained for the corresponding wrought Al
alloys. Figure 4-13 shows ELS data for SAA-HWS Al/SiC MMCs as a function of the SiCp
concentration. The spectra were recorded after immersion in 0.5 N NaCl for 10 days (10,
11). For the wrought Al 6061 (0% SiCp in Figure 4-13) the typical spectrum for SAA-HWS
wrought materials is observed. However for SiCp concentrations of 15% and 20% the
spectra are characterised by a phase angle of 450, which is typical for porous electrodes
(25). For 40% SiCp the spectra resemble those for bare Al alloys.
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Table 1 - Fit Data for Anodised Aluminium
Ref. 12, 13

Ref. 18

Ref. 10, 11
Model 1

Ref. 10, 11
Model 2

Cp (F/cm 2)

1.58 x 10-8

8.61 x 10-10

2.55 x 10-9

2.28 x 10-9

Rp (Ω.cm2)

7.55 x 104

3.97 x 105

3.4 x 105

7.0 x 104

αp

0.75

n.l.

0.89

0.88

Cp(F/cm 2)

3.0 x 10-6

8.8 x 10-7

1.05 x 10-6

8.8 x 10-7

Rb (Ω.cm2)

6.1 x 107

n.l.

2.23 x 109

2.22 x 108

αb

0.85

n.l.

0.92

0.95

K

8.00 x 105

n

-0.21

n.l. = not listed

Table 2 - Impedance Data for Anodised Al after 15 months of the Exposure at
Visalia, California

4-16

Blank

Facing Up

Facing Down

Cp (F/cm 2)

6.5 x 10-8

8.61 x 10-10

4.8 x 10-9

Rp (Ω.cm2)

8.4 x 105

8.2 x 106

1.4 x 107

αp

0.9

0.94

0.94

Cp(F/cm 2)

2.6 x 10-7

3.0 x 10-7

6.7 x 10-7

αb

0.9

0.94

0.94
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Figure 4-12 - Bode plots for anodised Al: curve 1 unexposed blank; curves 2 and 3
after exposure for 15 months in Visalia, California (curve 2 - surface facing upward,
curve 3 - surface facing downward)
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Figure 4-13 - Bode plots obtained after 10 days exposure to 0.5 N NaCl for Al/SiCp
MMCs as a function of SiCp concentration; A = 20cm2
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EXPERIMENTAL CONSIDERATIONS FOR THE COLLECTION
OF EIS DATA
A general discussion of the experimental requirements for the measurement of ETS data
has been given earlier. This discussion applies also for the case of anodised Al alloys
and MMCs

4

ANALYSIS OF EIS DATA FOR ANODISED ALUMINIUM
Impedance data for anodised Al alloys and MMCs can be analysed with ANODAL, which
is part of the software library ANALEIS. Figure 4-14 shows the models used for the
analysis and the simulation of the impedance data. Figure 4-15 gives a comparison of the
experimental and fitted spectra for SAA-HWS Al 6061 exposed to NaCI and provides a list
of the fit parameters. Figures 4-15b and c are so-called deviation plots in which the
deviation between the measured and fitted value of the impedance is plotted for each of
the experimental frequency values.
The large deviations for the impedance
(Figure 4-15b) and the phase angle (Figure 4-15c), which show systematic trends,
indicate that model 1 in Figure 4-14 does not agree very well with the experimental data.
Much better agreement is observed when the same data are fitted to model 2
(Figures 4-16a-c). The deviation plots for this case show mainly statistical deviations at
lower frequencies indicating that the differences between measured and fitted data are
due only to experimental scatter.
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Figure 4-14 - Models used in ANODAL for the simulation and analysis of impedance
data for anodised Al
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Figure 4-15a - Results of fit of impedance data for SAA HWS Al 6061 to model 1 Bode plots and fit parameters
BTR026

4-21

Characterisation of Anodic Layers

Analysis and Interpretation of EIS Data for Metals and Alloys

Figure 4-15b - Results of the fit of impedance data for SAA HWS Al 6061 to model 1
- deviation plots for impedance modulus Z

Figure 4-15c - Results of the fit of impedance data for SAA HWS Al 6061 to model 1
- deviation plots for impedance modulus Z
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Figure 4-16a - Results of the fit of impedance data for SAA HWS Al 6061 to model 2
- bode plots and fit parameters
BTR026
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Figure 4-16b - Results of the fit of impedance data for SAA HWS Al 6061 to model 2
- deviation plots for impedance modulus Z

Figure 4-15c - Results of the fit of impedance data for SAA HWS Al 6061 to model 1
- deviation plots for impedance modulus Z
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