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Foreword 

This publication, Electrochemical Impedance: Analysis and Interpretation, contains 
papers presented at the symposium of the same name, held in San Diego, CA on 4-5 
November 1991. The symposium was sponsored by ASTM Committee G-1 on Corrosion 
of Metals. John R. Scully, University of Virginia, Center for Electrochemical Science and 
Engineering, David C. Silverman, Monsanto, and Martin W. Kendig, Rockwell Interna- 
tional Science Center, presided as symposium chairmen and are editors of the resulting 
publication. 
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Overview 

Over the past quarter century electrochemical impedance has blossomed into a major 
corrosion measurement technology. Its usage has grown to include applications ranging 
from fundamental studies of corrosion mechanisms and material properties to very applied 
studies of quality control and routine corrosion engineering. Today, computer controlled 
"user friendly'systems are available from several manufacturers. This has made data 
acquisition a routine procedure, whereas only a decade ago users were confronted with the 
need to develop their own data acquisition systems. However, diagnostic tools for evaluat- 
ing the validity of the data, procedures for developing a fundamental understanding of the 
results and their relationship to the process being studied, and knowledge of the limits of 
practical application to real world systems are still under active investigation. This Special 
Technical Publication has been published as a result of the 1991 symposium entitled 
Electrochemical Impedance: Analysis and Interpretation held in San Diego, California. 
The goal of the symposium was to provide a clear picture of the current state of the art in 
interpretation and analysis of electrochemical impedance data. The symposium was a 
natural extension of the efforts within ASTM Subcommittee G.01.11 on Electrochemical 
Corrosion Testing and Task Group G.01.11.06 on Electrochemical Impedance to provide 
standardized methodologies for using this technology and reporting the results. Both of 
these groups are part of ASTM Committee G.01 on Corrosion of Metals. 

The collection of twenty-seven papers published in this volume has been grouped into 
six major categories that very closely characterize the major areas of research and engi- 
neering application of Electrochemical Impedance Techniques in corrosion. These areas 
are: corrosion process characterization and modeling, applications of Kramers-Kronig 
transformations for evaluating the validity of data, corrosion and its inhibition by either 
corrosion products or specially added inhibitors, corrosion of aluminum and aluminum 
alloys, corrosion of steel in soils and concrete, and evaluation of coatings on metal 
substrates. The papers range from theoretical modeling to practical applications. The 
effort has been made to include many of the recognized contributors in this field. A careful 
reading of the papers should provide a broad overview of the plethora of information 
available and the important questions being asked about this technology. 

Modeling and Corrosion Processes 

Corrosion characterization and modeling impacts virtually all applications of this tech- 
nology. The papers in this section should provide methodologies that would be useful in a 
number of areas. Modeling has tended to encompass use of electrical equivalent circuit 
models, the elements of which are used to represent physical processes. Bertocci and 
Ricker take the opposite approach and attempt to calculate polarization scans and imped- 
ance spectra from basic kinetic equations including the metal reaction, oxygen reduction, 
and hydrogen evolution as a function of pH. This approach, while a long way from being 
generally implemented, would circumvent the ambiguities that can occur when using 
passive linear circuit analogues. Low-conductivity fluids are difficult media in which to 
conduct electrochemical studies. Chechirlian, Keddam, and Takenouti discuss an equiva- 
lent circuit which might be used to help to eliminate artificial relaxation processes that 
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2 ELECTROCHEMICAL IMPEDANCE 

occur when generating impedance spectra in low-conductivity media. Mansfeld, Shih, 
Greene, and Tsai attempt to tailor software packages to specific corrosion phenomena. 
Their paper presents a number of results that show that such tailoring can lead to good fits 
with the data and interesting insights into the corrosion phenomena. Roberge presents an 
alternative to modeling by a number of equivalent circuits. His method in which he 
projects the center of a semicircle from a series of permutations of three points on the 
spectra is suggested to provide a rich source of information concerning the corrosion 
processes. High-frequency artifacts are often present when generating impedance spectra. 
Stewart, Kolman, and Taylor discuss the factors that may contribute to the occurrence of 
such artifacts and propose a model that can reproduce spectra for a set of measuring 
resistors using a particular make of potentiostat. New applications of electrochemical 
impedance techniques are continually being reported. The paper by Kelly, Young, and 
Newman reports an application of the impedance technique to study the development of 
porosity due to dealloying of silver as well as gold surface diffusion in solid solution silver- 
gold alloys. 

Applications of Kramers-Kronig Transformations 

"Are my spectra valid?" is a question continually asked. Kramers-Kronig Transforma- 
tions provide a way of assuring that the impedance spectra truly reflect the corrosion 
process and are not affected by phenomena such as too large of an amplitude or the system 
not being at steady state. In their paper, Agarwal, Orazem, and Garcia-Rubio introduce 
the concept of a measurement model as a tool for identifying possible frequency-depen- 
dent errors in the data. They show that the measurement model can be used to determine 
that the spectra are consistent with the Kramers-Kronig transformations without having to 
explicitly integrate the transforms. Impedance spectra are sometimes generated in a poten- 
tial region in which a small increase in potential results in a decrease in current, a negative 
resistance. Gabrielli, Keddam, and Takenouti provide evidence and suggest how Kramers- 
Kronig transforms can be used to check validity under these circumstances. Lastly, 
Dougherty and Smedley provide an application of the use of Kramers-Kronig transforma- 
tions to show the validity of impedance spectra generated in aluminum-methanol-water 
systems. Their results show an ability to discern when the requirements of linearity, 
stability, and causality are violated. 

Corrosion and Inhibition 

Corrosion of metals can be affected by corrosion products, corrosion inhibitors, or other 
constituents in the fluid that are either adsorbed onto the surface or become incorporated 
in the three-dimensional surface region. Electrochemical impedance has been an important 
tool for studying the electrochemistry of this interaction. However, relating the spectra to 
actual physical phenomena can be difficult. Turgoose and Cottis start from first principles 
to construct the impedance spectra. They create a generalized equivalent circuit in which 
all elements are defined and constrained by physical, chemical, or electrochemical pro- 
cesses. They show that this generalized circuit can account for many of the features 
observed in the spectra from film-covered electrodes. However, such an approach cannot 
be implemented on a routine basis in poorly characterized systems. Silverman takes an 
alternative approach of using simple circuits to extract corrosion-related parameters on a 
routine basis from the spectra of steel in near neutral uninhibited and inhibited water. He 
shows that by careful use of the circuit models, practical estimates of corrosion rates and 
practical insights into the corrosion mechanism can be obtained, Also under the category 
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OVERVIEW 3 

of inhibitors, Hirozawa and Turcotte show that electrochemical noise and electrochemical 
impedance techniques can be combined to give interesting insights into corrosion inhibi- 
tion of aluminum. They show that elimination or reduction of electrochemical noise may 
indicate improvement in the protectiveness of the oxide film. Product films can also affect 
corrosion as in the case of helping to protect copper-nickel alloys in seawater. Hack and 
Picketing use electrochemical impedance to shed light on the reason that such films are 
protective. They report that oxygen reduction which affects corrosion of these alloys is 
itself controlled by diffusion through the outer product layer. Lastly, steel corrosion in 
aqueous systems can be a function of whether the steel is base metal, weld metal, or lies in 
the heat-affected zone. Rothwell, Dawson, Eden, and Palmer discuss an electrode and 
instrumentation that is proposed to allow the generation of impedance measurements on 
single electrodes while they are effectively galvanically coupled as in the real situation. In 
this way, base and weld metal can be studied separately under coupled conditions. 

Corrosion of  Aluminum 

Corrosion and protection of aluminum alloys is an area of tremendous technological 
interest given the increased application of this material over the last 30 years. Electro- 
chemical impedance has expanded both the depth and breadth of corrosion and protection 
information that can be acquired. Dawson, Thompson, and Ahmadun survey the literature 
on electrical equivalent circuit models useful for interpreting the impedance behavior of 
anodized aluminum. Circuit parameters are then used to monitor detailed changes in 
anodized film hydration and barrier properties. Mansfeld, Wang, Lin, Xiao, and Shih 
describe electrical equivalent circuit models and experimental data fitting procedures for 
detecting and monitoring pitting corrosion. They emphasize the utility of the technique for 
studying stable pitting phenomena under freely corroding conditions at open circuit poten- 
rials that are above the pitting potential. Scully extends the application of impedance 
techniques to aluminum thin films of one micrometer thicknesses or less. The nondestruc- 
tive nature of the method is one of the key advantages of the technique in these applica- 
tions. Passivity, salt film formation, and localized corrosion of aluminum in hydrofluoric 
acid solutions are characterized. Roberge, Halliop, and Yousri discuss EIS and polariza- 
tion techniques as replacements for the long-term salt spray exposure method. They seek 
to advance electrochemical impedance as a tool for routinely monitoring anodized film 
quality or anodizing baths, or both. Schueller and Taylor discuss a novel application of 
EIS. The aim of their paper is the detection of delamination between an aluminum alloy/ 
polymer laminate. The approach is technologically significant as a possible nondestructive 
tool for characterizing damage in adhesively bonded components. An equivalent circuit 
model was proposed using transmission line circuitry which describes the impedance 
spectra of edge exposed laminates. Model laminates with known rectangular defects were 
analyzed and compared with the circuit model. 

Corrosion of  Steel in Concrete or Soil 

Advancement in the understanding of corrosion of metals in soils and concrete has been 
frustrated, in part, because traditional electrochemical polarization methods fail to com- 
pensate for the high resistance of the soil or concrete. Impedance methods are able to 
overcome this obstacle as well as provide a nondestructive tool and, hence, represent an 
opportunity to advance current understandings. Sudo and Haruyama model the impedance 
spectra of a two-electrode cell consisting of a buried metallic structure and a small nonpo- 
larizable disk counter electrode at the soil surface. Their results show that care is required 
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4 ELECTROCHEMICAL IMPEDANCE 

in assuming that the low-frequency complex plane impedance intercept with the real axis 
is always inversely proportional to the corrosion rate. Kranc and Sagilts investigate 
surface counter electrode placement and current distribution effects for a model reinforced 
concrete geometry containing both corroding and passive reinforcing steel. Predicted im- 
pedance spectra yield apparent polarization resistances which underestimated the corro- 
sion current mainly due to current distribution effects. Finally, Jafar, Dawson, and John 
discuss the application of harmonic analysis for evaluation of corrosion rates as well as 
Tafel parameters in the case of laboratory concrete samples containing reinforcing steel. 
Their paper highlights the advantages of harmonic analysis as an extension of impedance 
techniques for rapid assessment of corrosion rates. 

Coatings on Metals 

Impedance techniques continue to develop as a tool for rapidly assessing the perform- 
ance of organic coatings on metals. The papers presented in this section demonstrate that 
while the applicability of the technique to various coatings continues to expand, its 
versatility is not without bounds. Kendig, Jeanjaquet, and Lumsden discuss the theoretical 
limits of various impedance parameters including the "breakpoint frequency" for esti- 
mation of coating delamination. The application described includes adhesion loss adjacent 
to a macroscopic defect on a fusion bonded epoxy coated pipe steel. Their analysis shows 
that the low-frequency impedance of such macroscopic delaminations may become insen- 
sitive to the depth of the delaminated zone for certain combinations of solution resistance 
and interfacial impedance associated with the delaminated region. The paper points to 
possible limitations of certain impedance parameters in detecting coating delaminations. 
Tait, Handrich, Tait, and Martin apply the impedance technique to internally coated steel 
aerosol containers. One theme of their paper concerns estimation of the fraction of con- 
tainers from a total population that will ultimately experience failure. This estimation is 
based on the statistical treatment of a range of impedance results (due to a range of 
defects) obtained from a subset of the total population of containers. Feliu, Jr., Barajas, 
Bastidas, Morcillo, and Feliu report on the use of impedance methods to characterize zinc- 
rich organic paints. Both the impedance spectra and the protection mechanisms of these 
coatings differ from those of barrier coatings. The paper focuses on analysis of impedance 
data for the case of cathodically protected steel substrates resulting from the intercon- 
nected zinc particles. This phenomenon is distinguished from the barrier properties of the 
organic coating by exploiting the differences in the frequency range over which each is 
effectively probed. Granata and Kovaleski report on their efforts to use impedance as well 
as chronoamperometry techniques as coating evaluation tools for high-performance fu- 
sion-bonded coatings, marine service epoxy, and polyimide used in electronics. 
Kamarchik applies the impedance approach to automotive and electrodeposited coatings 
and to container interior coatings for beverage and food end-uses. Impedance provides 
indication of changes in coating performance long before visual changes were observed 
using more traditional exposure tests such as continuous salt fog. 

Summary 

The papers presented in this book should provide the reader with a broad overview of 
the present state of the art concerning analysis and interpretation of electrochemical 
impedance spectra. Armed with the information provided in this book, the reader should 
be better equipped to explore the frontiers of this technology as well as apply it to 
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corrosion science and engineering. The symposium chairmen gratefully acknowledge the 
efforts of the authors and ASTM personnel in the preparation of this book. 
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Ugo Bertocci 1 and Richard E. Ricker 1 

Impedance Spectra Calculated from Model 
Polarization Curves 

REFERENCE: Bertocci, U. and Ricker, R. E., "Impedance Spectra Calculated from Model 
Polarization Curves," Electrochemical Impedance: Analysis and Interpretation, ASTM STP 
1188, J. R. Scully, D. C. Silverman, and M. W. Kendig, Eds., American Society for Testing 
and Materials, Philadelphia, 1993, pp. 9-22. 

ABSTRACT: Once steady state polarization curves have been calculated from a model 
based on a description of the kinetics of the electrode processes, all the necessary elements 
for computing the impedance spectra at any potential within the range used for the polariza- 
tion curves are available. This paper described the basic equations necessary for this pur- 
pose, and develops, as an example of interest in corrosion studies, the case in which both 
oxygen reduction and hydrogen evolution occur as cathodic processes. The effect of changes 
of pH at the metal surface are examined, and comparisons between calculated curves and 
experimental data are presented. 

KEYWORDS: polarization curve, impedance spectra, electrode kinetics, charge transfer 
kinetics, cathodic reactions, anodic reactions, modeling, corrosion 

Nomenclature 

subscript  a = 
subscript  b = 
subscript  h = 
subscript  n = 
subscript  o = 
subscript  s = 
subscript  z = 

D =  

DH = 
Don = 

D,  = 

E =  
F =  
i =  
j =  
k =  

K w  = 
R =  
T =  

quanti t ies relat ive to anodic e lect rode react ion (7) 
value  taken in the bulk of  the electrolyte  
quanti t ies relat ive to e lect rode react ion (5) 
gener ic  chemical  species involved  in a react ion 
value  taken at the electrode/solut ion interface 
quanti t ies relat ive to e lect rode react ion (3) 
ze ro- f requency  limit 
diffusion coefficient  
diffusion coefficient  for H § 
diffusion coefficient  for O H -  
diffusion coefficient  for 02 dissolved in the e lect rolyte  
e lec t ron 
e lec t rode  potent ial  
Faraday  constant  
current  densi ty 
x/ : - i  
rate constant  
ionic product  o f  water  
gas cons tant  
absolute  tempera ture  

~Corrosion Group, Materials Science and Engineering Laboratory, National Institute of Standards 
and Technology, U.S. Department of Commerce, Gaithersburg, MD 20899. 
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10 ELECTROCHEMICAL IMPEDANCE 

( 0 2 )  , (H§ (OH-) ,  (M §247 = concentrations of the species described by the chemical 
symbol in parenthesis 

tx = symmetry factor 
= diffusion layer thickness 

v = frequency 
to = circular frequency 

For  the purpose of  analyzing corrosion data, polarization curve modeling combined with 
curve fitting can give great insight into the electrochemical processes that determine the 
corrosion rate of a metal/solution system. 

Electrochemical impedance spectroscopy (EIS) is also used for studying corrosion 
processes and, for the interpretation of the results, modeling programs based on the 
combination of passive circuit elements are often used. What is not generally recognized is 
that once the polarization curves have been calculated by the modeling algorithms, all the 
necessary elements for computing the impedance spectra at any potential within the range 
used for the polarization curves are available. Therefore, as an extension of the polariza- 
tion modeling programs, it is possible to generate impedance plots at potentials positive 
and negative with respect  to the corrosion potential, which, moreover,  are the logical 
consequence of the assumptions made for the calculation of the polarization curves. The 
model impedance plots so generated can be employed to explore the effect of the electrode 
potential on the ac response, as well as of changing quantities such as reactant concentra- 
tions and diffusion layer thickness. Comparison with experimental data at different poten- 
tials can be used to verify the validity of the hypotheses made as to the reaction 
mechanisms governing the corrosion process. 

In some cases, while the fitting of the polarization curves is good, discrepancies between 
calculated and experimental impedance plots may be observed. These discrepancies are 
the consequence of the fact that impedance data give more information about the electrode 
kinetics than steady state polarization curves [1], so that, when found, they indicate that 
the kinetics are more complicated than postulated, and one will have to judge if the 
differences will be significant for practical corrosion cases. 

This paper  describes the mathematics involved in the modeling, gives some examples of 
the results of  the calculations, and shows a few comparisons between model curves and 
experimental results. 

Mathematical Treatment 

The calculation of  steady state polarization curves requires the solution of a set of  
simultaneous equations that describe the charge transfer kinetics of the electrode reactions 
postulated to occur, as well as the material transport of the reacting species in the diffusion 
layer. If homogeneous reactions take place, they must also be taken into account; many of  
these homogeneous reactions, among which an important one is the ionic dissociation of 
water,  can be considered fast enough to be always at equilibrium, so that the mathematical 
treatment is simplified. We will not describe further the general treatment, since it can be 
found in textbooks [2], examples have been shown in a previous paper [3], and because it 
will be given in greater detail in the example treated in the following section. 

As a result of solving the system of equations, for every value of the electrode potential 
E, the current densities for all electrode reactions and the concentrations of all reacting 
species at the electrode surface can be obtained. From these, the impedance spectrum can 
be calculated by differentiating the current-potential relationships under the assumption of 
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BERTOCCI AND RICKER ON MODEL POLARIZATION CURVES 1 1 

small perturbations [4]. Similarly, a relationship between perturbations of the current and 
of the concentrations of the electroactive species at the electrode can be obtained. The 
electrode admittance Y, that is the derivative of  the total current with respect to the 
electrode potential, is then the sum of the admittances for the various electrode reactions 
that take place on the electrode. 

From the equations relating current densities and reactant concentrations at the inter- 
face, the so-called Warburg impedances are obtained. The functions of the circular fre- 
quency to = 2~rv, for a diffusion layer of  thickness ~, have the form [5] 

f.(to) ~ tanh - j tanh (1) 

where the index n indicates an electroactive species in solution. These formulae allow the 
computation of the impedance spectrum, at equilibrium or at any other potential. 

When the frequency tends to zero, the hyperbolic tangent becomes equal to its argu- 
ment, giving 

l j m  S~ - - (2)  

If  Eq 2 is used instead of  Eq 1, the imaginary part of  the electrode admittance goes to zero, 
and the zero-frequency electrode impedance can be computed. 

For the purpose of  illustrating this approach to modeling, we will give an example that 
retains some of the complications that are of interest to corrosion researchers, but is still 
quite simple and general. Effects due to adsorption or the formation of surface films were 
not considered, and therefore they will not appear in the impedance spectra. This is a 
drastic limitation of the present formulation of our model, which was deliberately accepted 
in order not to complicate the treatment in such a way as to make it unwieldy. The 
consequences of this simplified treatment will often be evident at the lowest frequencies, 
and an example will be shown in one of the following sections. The usefulness of this 
approach to modeling, however, should not be unduly impaired by the fact that it will not 
account for all complications that may appear in practice. 

A Modeling Example 

Polarization Curves 

As is often the case for corroding metals, the cathodic reactions to be considered are 
oxygen reduction and hydrogen evolution. These reactions have been extensively studied 
and give rise to an extraordinarily complicated set of electrode reactions [6]. There are 
indications that the reaction order of oxygen depends on the metal [7], and gome of the 
studies concerning O2 reduction on oxides [8] point to relatively high Tafel slopes. Here, 
however, the following simplifications will be employed: 

(1) Only the cathodic partial reactions will be considered. The justification is that in 
most corrosion cases, the system is so far from equilibrium that the back-reaction can 
be neglected. 
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12 ELECTROCHEMICAL IMPEDANCE 

(2) For the oxygen reduction reaction, no intermediates, such as H202, will be 
considered. The overall reaction is written as 

02 + 4H § + 4e- = 2H20 (3) 

and the charge transfer kinetics are described by the equation 

i, = - 4 k ,  F (O2)o (H  + )o exp ( _ "-~]asFE~ (4) 

where the subscript s refers to Reaction 3. The effect of the oxygen and hydrogen ion 
concentration on the rate is considered to be of first order, and a one-electron rate- 
determining step is assumed. 

(3) The hydrogen evolution reaction is written as 

2H + + 2e- = Hz (5) 

and the charge transfer kinetics are given by 

ih = -- k h F ( H  + )o exp ( _ "-~/ahFE~ (6) 

The subscript h refers to Reaction 5. 
(4) The only anodic reaction considered is the oxidation of a metal M, according to 

the reaction 

M = M  ++ + 2e- (7) 

with the charge transfer kinetics given by 

ia = 2kaF exp / \[aaFE/ 
\ R T ]  

(8) 

The rate-determining step is assumed to involve one electron. To keep the treatment 
simple, no hydrolysis of the metal ions or formation of solid corrosion products is 
considered. Also in this case, the back-reaction is neglected, under the assumption 
that the corroding metal is far from equilibrium. 

(5) In order to determine the concentration of dissolved oxygen (02)o and of 
hydrogen ions (H§ at the interface, transport in the diffusion layer of thickness B has 
to be considered, and the composition of the bulk solution must be known. Since 
Reaction 7 going cathodically is not considered, the concentration of metal ions in 
solution and at the interface can be disregarded. However, if one wishes to calculate 
the metal concentration at the electrode surface in order to estimate the likelihood of 
oxide or hydroxide precipitation, this can be easily done. 
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BERTOCCI AND RICKER ON MODEL POLARIZATION CURVES 13 

For  the description of transport  in the diffusion layer, the following two equations must 
be considered 

- d(Oz) 
is = - 4 F D s  ~ (9) 

where Ds is the diffusion coefficient of dissolved oxygen, and 

/~ + ih = - F D H  d(H+) + FDoH idtC)l-l_,v__-_.__._______~, 
dx dx 

(lO) 

Since the concentrations of H § and O H -  are always in equilibrium with each other, linked 
by the ionic product  of  water 

[H+][OH -1 = Kw (II) 

the O H -  concentration can be eliminated, and Eq 10 can be written in the form 

DonKw]  d(H +) 
is + it, = - F Dn + ( - ~ - ~  / dx (12) 

where the apparently variable diffusion coefficient for H + takes care of the fact that in 
neutral or alkaline solutions, transport  of the charges is carried out in part or mostly by 
O H -  ions moving in direction opposite to the gradient of H + ions. 

For  the integration of  Eq 9, the assumption of a constant concentration gradient is 
reasonable,  giving 

i, = 4FD" [(Oz)o - (O2)b] (13) 

but integration of  Eq 12 for the computation of  (H§ gives an equation that contains the 
unknown current densities i, and i h. Substituting for i~ and ih gives a third degree equation 
in (H+)o 

A(H+)3o + B(H+) g + C(H+)o - D = 0 (14) 

where 

A = (H+)bks~(kh~P + Gri), 
B = [(H+)Zk, Gn - ksKwGon - (H+)bkhGs - 4 (H+)b(O2)bksG,]~ - (H+)bGhG,, 
C = (H+)bk~KwGonq b + (H+)~,G~Gn - KwGoaG,, and 
D = (H+)bKwGonG,. 

In these expressions the symbols Gs, Ga and Goa represent the ratios Dfl~, DH/& and Don~ 
B, which are to be substituted with frequency-dependent terms in the formulae for the 
calculation of the impedance spectra, q~ represents the electrode potential dependent term 

qb = exp ( -  otFE~RT / 
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14 ELECTROCHEMICAL IMPEDANCE 

which is the same for all electrode reactions, since in this example all symmetry factors et 
are taken as 0.5. 

For the calculation of the polarization curves, for every value of E, the system formed 
by Eqs 4, 6, 8, 13, and 14 must be solved. If  the metal concentration at the electrode 
interface is desired, once ia is obtained, the equation 

(M + +)o = (M + +)b + ~ia (15) 
2FD~ 

is solved. 
Figure 1 shows the calculated current-potential curves for a hypothetical metal 

immersed in an aerated, weakly acidic solution (pH = 1). The anodic rate constant is 
chosen as small, so that the corrosion rate is not limited by oxygen transport. On the 
cathodic side, the limiting current for oxygen reduction is clearly visible, followed at lower 
potentials by hydrogen evolution. At even lower potentials (below -800  mV) another 
limiting current begins to appear due to the rapid rise in pH of the solution in contact with 
the metal. Figure 2, which gives the concentrations of 02 and H § at the metal surface, 
helps in clarifying the significance of the curves in Fig. 1: the first cathodic limiting current 
is associated with the fall in 02 concentration, which affects Eq 4, while the second is 
caused by the fall in H § concentration, which affects Eqs 4 and 6. 

Keeping all other parameters constant, but in a less acidic solution (pH = 4), the curves 
in Fig. 3 show a case where the pH change at the interface occurs before oxygen is 
depleted, generating a first current arrest. The interpretation of the E/I curves would be 
rather difficult without knowledge of the concentrations at the interface, shown in Fig. 4. 
Of course, these calculations span a very wide acidity range at the electrode surface, and 
one should be aware that in these conditions the kinetics of the reactions might be 
fundamentally different at different pH's ,  invalidating the starting hypotheses used for the 
computations. 
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= 1. ~ = 0.025 ram. K i n e t i c  p a r a m e t e r s :  K~ = 3 • I0  -~~ Ks = 0.1, Kh = I 0 - "  m/s .  

Copyr ight  by  ASTM Int ' l  (a l l  r ights  reserved) ;  Tue  Dec 29  00:51:18 EST 2015
Downloaded/pr in ted  by
Univers i ty  of  Washington (Univers i ty  of  Washington)  pursuant  to  License  Agreement .  No fur ther  reproduct ions  author ized .



BERTOCCI AND RICKER ON MODEL POLARIZATION CURVES 15 

-200 

UJ 
Z �9 I -  -400 

> 
E -6oo 

-800 

-1000 

i . , I 

m 

-2 0 -12 -10 *8 -6 -4 

Log (Concentration), mol/L 
FIG. 2mConcentrat ions at the electrode as a function o f  the electrode potential. Same 

conditions as in Fig. l .  

0 ~ ,  ,1= ~ = =  , _ 

2 o o  

-400 

-600 

UJ 
-800 

" I . . . . . . . . .  Log (~al I I 
r -1000 J . . . . .  L~ ( ih )  J 

~ -1200 

I ~  -1400 

-2000 I I I 
o2 -1 0 1 

Log (i), A/m 2 

FIG. 3--Current~Potential Curve. Same conditions as in Fig. 1, except p H  = 4. 

In Fig. 5 the zero-frequency electrode resistance is shown, together with the resistances 
of the two cathodic reactions. Since the two reactions occur in parallel, the smaller of the 
two resistances determines the total resistance. 

For  a comparison with experimental data, Fig. 6 shows the results of slow po- 
tentiodynamic scans on a Ti electrode in an acidified (pH = 1) Na2SO4 solution, under 
moderate stirring and in an oxygen atmosphere, together with a model curve calculated 
keeping the concentrations and transport  conditions close to the experimental values, and 
choosing as rate constants the values that give the best fit. Both oxygen reduction and 
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FIG. 5--Zero-frequency resistances as a function o f  the electrode potential. Same 
conditions as in Fig. 3. 

hydrogen evolution can be seen, since no metal corrosion would occur in the potential 
range shown. The similarity is satisfactory; the interpretation that the slope increase at the 
lowest potentials is due to incipient alkalinization at the interface is supported by the 
calculations on the model system shown in Fig. 7. The ohmic drop error in the experimen- 
tal data has already been subtracted. 

Once the current-potential curves are calculated, at any potential the current densities 
for all reactions, as well as the concentrations of the reacting species at the electrode, are 
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known. For the calculation of the impedance spectra at any potential, therefore, one has to 
differentiate the expression for the total current, as well as Eqs 13 and 14, which link the 
perturbations of the oxygen and hydrogen ion concentrations to those of the currents and 
of the potential, under the effect of a small sinusoidal voltage signal. 
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18 ELECTROCHEMICAL IMPEDANCE 

Differentiating the partial currents (Eqs 8, 4, and 6), one obtains, respectively, 

aFia dE dia = - - ~  

r 
dis = - - ~  dE + (-l')o02 d(O2) + i+_ d(H+ ) 

(H)o 

and 

ctFih ih 
dih = ~ dE + ~ d(H +) 

and from Eq 13 

dis = ~ d(02) 

(16) 
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• 10 -1~ Ks = 0.1, Kh = I0 - u  m/s. Rsol = 0.5 ml~.m 2, Cdt = 0.5 F/m 2. 
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while the expression for the d(H+), obtained from Eq 14, is 

d(H+ ) = Fot([2Cl~ + C2]H+)2o + 3C3(H+)o + Cs)(H+)oqb dE (20) 
RT(2[C3dP + C4] -~- Cs(I ) -~- 3[Cl(I~ + C2]H+)o(~ ) -~ C6) 

In this expression the quantities C are frequency dependent because they contain the 
terms Gs, GH, and GoH, which, in order to obtain the impedance spectra, must be substi- 
tuted with the appropriate expressions derived from Eq 1. 

While the admittance for the anodic reaction Ya is real and immediately derived from Eq 
16, the admittances Ys and Yh are obtained from Eqs 17 and 18, eliminating d(Oz) and 
d(H § by introducing Eqs 19 and 20, and are complicated, frequency-dependent, and 
complex quantities�9 

Summing Ya, Ys, and Yh gives the total electrode admittance, and, in order to simulate 
the experimental behavior of a galvanic cell, a capacitative branch depending on the 
double layer capacitance Cat has to be included as well. A solution resistance Rso, can also 
be added in series to the electrode impedance�9 
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FIG. lO--Comparison between Nyquist plots obtained on Ti electrode in acidified 
Na2S04, and impedance spectra calculated with the same parameters as in Fig. 6. Rsol = 
0.5 ml l .m  e, Cal = 0.7 F/m 2. 

As examples of the results, Figs. 8 and 9 show side by side the E/I curves and Nyquist 
plots obtained at various potentials for the case of a weakly acidic (pH = 4) and of an 
alkaline (pH = 13) solution. The rate constant for the anodic reaction has been chosen so 
that corrosion is under anodic control, and the impedance spectra shown emphasize the 
cathodic behavior of the system. 

Employing the modeling example in acidic solution shown in Fig. 6, chosen so as to 
match the experimental polarization curve, the comparison can be extended to the imped- 
ance spectra taken on the same electrode at various potentials. Since the impedance in the 
potential range where the current is diffusion-limited (approximately from -200 to -600 
mV versus NHE) is very difficult to measure at low frequencies because of the noise 
caused by fluctuations in stirring, the examples shown in Fig. 10 are taken where either 
oxygen is not transport-limited or hydrogen evolution is already occurring. There is a 
qualitative similarity between model and experimental curves: in particular, the separation 
between charge transfer and transport semicircles of Fig. 10b appears in both experimental 
and model plots. 
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FIG. 11--Comparison between Nyqu i s t  plots obtained on brass electrode in acidified 
Na2S04, and impedance  spectra calculated f o r  p H  = 1, (02)b = 7 x 10 -4 tool~L, 8 = 0.06 
mm,  Ks = 0.03, Kh = 3 X 10 -12 m/s. Rsol = 0.5 ml~.m z, Cdz = 0.04 F /mL 

On the other hand, as seen in Fig. 11, the comparison between model spectra and 
experimental data taken on a brass rotating disk electrode in the same solution shows that, 
although there is fair matching in the higher frequency range, where charge transfer and 
diffusional transport predominate, there are large differences at low frequency, indicating 
that the reaction mechanism on the brass electrode is more complicated than that used for 
the modeling. 

Conclusions 

Impedance spectra generated from the same electrochemical models which give current- 
potential curves have the advantage of having a built-in physical meaning over models 
based on passive element circuits. Therefore, the effect of changing the numerical values 
of the quantities involved in the calculations, such as reactant concentrations, stirring, and 
electrochemical rate constants, can be easily examined and compared with the experimen- 
tal results. Of particular value is the possibility, with this modeling method, of studying the 
effect of performing the impedance measurements at potentials other than the corrosion or 
equilibrium potential. 

A few examples of comparison between model data and experimental curves have been 
presented; when the agreement is good in the polarization curves, but not in all frequency 
ranges in the impedance spectra, it is very likely that the electrochemical model employed 
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22 ELECTROCHEMICAL IMPEDANCE 

neglects some reaction paths, which may or may not be important for the evaluation of the 
corrosion properties of the material under study. 

In the present paper, scant attention has been given to the anodic side of the corrosion 
reactions, which is only sketchily described. That such a simple model can still be useful is 
encouraging. However, the challenge ahead is to develop a more realistic model of the 
anodic processes, which can still be sufficiently general in application. 

References 

[1] Keddam, M., Mattos, O. R., and Takenouti, H., Journal of the Electrochemical Society, Vol. 
128, 1981, p. 257. 

[2] K. J. Vetter, Elektrochemische Kinetik, Springer, Berlin, 1961. 
[3] Bertocci, U. and Ricker, R. E., in Computer Modeling in Corrosion, ASTM STP 1154, R. S. 

Munn, Ed., American Society of Testing and Materials, Philadelphia, 1992, pp. 143-161. 
[4] Gerischer, H., Zeitschriftfiir physikalische Chemie, N. F. l, 1954, p. 278. 
[5] Schuhmann, D., Comptes R~ndus de l'Academie des Sciences, Paris, Vol. 262C, 1966, p. 624. 

Sluyters-Rehbach, M. and Sluyters, J. H., Electroanalytical Chemistry, A. Bard, Ed., Vol. 4, M. 
Dekker, New York, 1970, p. 1. 

[6] Hoare, J. P., Encyclopedia of the Electrochemistry of the Elements, A. Bard, Ed., Vol. 2, M. 
Dekker, New York, 1974, p. 192. Tarasevich, M.R., Sadkowski, A., and Yeager, E. 
Comprehensive Treatise on Electrochemistry, Vol. 7, Plenum Press, New York, 1983, p. 301. 

[7] Fabian, C., Kazemi, M. R., and Neckel, A., Berichte der Bunsengesellschaft fi~r Physikalische 
Chemie, Vol. 84, 1980, p. 1026. 

[8] Bertocci, U., Cohen, M. I., Mullen, J. L., and Negas, T., "Electrocatalysis on Non-Metallic 
Surfaces," NBS Special Publ. 455, 1976, p. 313. 

DISCUSSION 

H. Takenouti 1 (written discussion)--Fitting the polarization curve adequately is a rather 
easy task and can be done even on different reaction models for the same polarization 
curve. On the contrary, fitting the impedance data is quite difficult. Therefore, there is no 
evidence that one can calculate the electrode impedance from the polarization data alone. 

U. Bertocci and R. E. Ricker (authors' closure)--We agree that complete modeling of 
impedance data requires, in general, more information than modeling polarization curves, 
and we have pointed this out in the paper. However, we believe that the approach to 
modeling that we have presented is nevertheless useful and informative, since it can show 
what the effect is of changing real physical parameters on the impedance spectra. 

1UPR15 DU CNRS, Physique des Liquides et Electrochimie, 75252 Paris Cedex 05, France. 

Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Serg e  Chechir l ian ,  1 M i c h e l  K e d d a m ,  2 and  Hi sas i  Takenou t i  2 

Specific Aspects of Impedance 
Measurements in Low Conductivity Media 
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pedance Measurements in Low Conductivity Media," Electrochemical Impedance: Analysis 
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ABSTRACT: Impedance measurements in the high frequency range, namely f > 1 kHz, 
often exhibit one or several loops irrelevant to the electrode process. For low conductivity 
media, encountered in corrosion studies such as in natural waters or in organic solvents, 
these relaxations also appear at a lower frequency range. This may lead to a possible 
misinterpretation of data by mistaking them for faradaic relaxation phenomena. The influ- 
ences of the solution resistivity, the position of the Luggin capillary tip, and the nature of 
reference electrode were extensively studied. The corrosion of austenitic stainless steel in 
acetic acid was used as a model system. The conductivity of acid was changed by varying 
the water content. The reference electrode was either Ag/AgCI or the tip of a platinum wire 
embedded in a glass capillary. The results allowed us to propose an equivalent electrical 
circuit. The circuit is described as a capacity divider bridge (due to the stray capacitances 
between reference/working and reference/counter electrodes) and by the electrolyte resist- 
ance inside the capillary tip. The numerical simulations fit the experimental data well. 

KEYWORDS: electrode impedance, acetic acid, low conductivity media, electrolyte resist- 
ance, potential distribution, Luggin capillary, equivalent electrical circuit 

Electrode impedance method is now largely used in corrosion studies. The field of 
application extends towards systems whose impedance measurements themselves are 
increasingly difficult. The corrosion in a fairly weak conductive medium is one of the 
typical examples. Unfortunately, the identification of different contributions in the mea- 
sured impedance often becomes difficult when measured in an extremely low conductive 
medium. For instance, the high frequency limit of the electrode impedance may no longer 
allow one to determine the electrolyte resistance. The relaxation time constants linked 
with the electrolyte cell or with the regulating device were reported by many authors [1- 
6]. However, a study completely devoted to the particular aspect of extremely low- 
conductivity medium for impedance measurements and more generally for nonsteady state 
techniques is fairly rare [6]. 

The aim of this paper is to collect experimental data with different parameters inter- 
vening in the impedance measurements in a three-electrode cell. Particularly, the influence 
of the bulk solution resistivity, the internal resistance of reference electrode, and the 
distance of Luggin capillary tip from the electrode surface will be examined. Then, an 
electrical equivalent circuit which suitably accounts for the experimental data will be 
devised. Before discussing the impedance measurements themselves, the dc potential 
distribution inside the electrolyte cell that allows one to evaluate the electrolyte resistance 
will be determined and discussed. 

1Research engineer, Centre de Recherche, Rh6ne Poulenc, 69151 Drcines, France. 
2Directeur de recherche, CNRS, Physique des Liquides et Electrochimie, Laboratorie de 

l'Universit6 P&M Curie, 75252 Paris, Cedex 05, France. 
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24 ELECTROCHEMICAL IMPEDANCE 

Theory 
To evaluate the electrolyte resistance associated with a disk electrode, Newman calcu- 

lated the potential distribution of  the ideal geometry cell, i.e., a hemispherical cell [7]. The 
disk working electrode is set at the center of  the sphere. The counter electrode is located 
at the hemispherical wall at an infinite distance. If  there is no overpotential at the disk 
electrode, then whole applied potential corresponds to the ohmic drop in the electrolyte. 
Therefore, the potential distribution inside the electrolyzing cell is completely determined 
by the solution resistivity (p) and the disk electrode radius (ro). This situation is named the 
primary current or potential distribution. 

The electrode potential is set at zero at the working electrode, ~o at the counter 
electrode, then the local potential ~ can be expressed in the elliptical coordinate system (6, 
~q) by 

CP = ( 2 )  tan-I(6, (1) 
~o 

The cylindrical coordinate system (x, r) is linked with the elliptical system through 

x = r o  x 6 x~q (2) 

r = ro ~/(1 + 62)(1 - "tl 2) (3) 

At the axis of the hemisphere, i.e., r = 0, one can derive from Eq 3, ~ = 1 then 

(2) tan-'(r~) 
~o 

for r = 0 (4) 

Similarly, at the electrode plane, i.e., x = 0 and outside the disk, one calculates from Eq 2 
that -q = 0. Then Eq 1 is expressed in the cylindrical coordinates by 

cI~ = tan-  ~ - 1 
a,o To 

for x = 0 (5) 

From the potential gradient at the disk surface, Newman calculated the local current 
density then the overall disk current/tot. The expression of the electrolyte resistance Re is 
then obtained by 

R e - -  d~~ - -  P (6) 
/ to t  4 r o  

If  the Luggin capillary is used to determine the electrode potential, and the reference tip is 
located on the axis (r = 0), then the electrolyte resistance can be calculated by �9 instead 
of ~o in Eq 6 (see also Eq 4). 

Experimental 
As previously indicated, the electrolyte resistance can be lowered by using a Luggin 

capillary. We are therefore particularly interested in the influence of the following experi- 
mental conditions for impedance measurements: 
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TABLE 1--Chemical composition of working electrode material (%). 

25 

C Si Mn Ni Cr Mo W Cu S P 

0.057 0.46 1.55 11.19 16.95 2.04 0.03 0.25 0.002 0.026 

(1) The solution resistivity (p). 
(2) The internal resistance of reference electrode including the series resistance of 

Luggin capillary. 
(3) The distance of the reference tip from the disk surface. 

Electrolytes 

The solution resistivity was modified by adding water to a pure acetic acid (special order 
to the Socitt6 des Solvants): 20% acid for p ~ 10 kfl.cm and 99.5% acid for p ~ 5 Mfl.cm. 
These solutions were used without any supporting electrolyte. The electrolytes were main- 
tained at 25~ under Ar atmosphere. 

Electrolyzing Cell 

A 68-mm-diameter cylindrical glass cell contained approximately 260 ml of solution. The 
counter electrode was a platinum gauze covering the bottom and the side walls of the cell. 
The working electrode, made of an austenitic stainless steel (chemical composition of 
which is displayed in Table 1), was a disk of 5.6 mm in radius tightly flush mounted to a 
P.T.F.E. rotating disk holder (10 mm in radius). The surface area of the working electrode 
was thus 1 cm 2. This electrode was dipped in the solution by 40 ram. All runs were made 
in the 900 to 1000 r/min range. 

Reference Electrodes 

Three types of  reference electrodes were used: (1) Ag/AgCI in anhydrous acetic acid in 
saturated LiC1 equipped with a Luggin capillary. This capillary was filled with 0.1 M 
LiCIt4. The capillary tip was filled with asbestos fibers to reduce the solution leakage. (2) 
The cross section of Pt wire embedded in a glass capillary. The reference tip was 
sharpened into a pencil form to minimize the screening effect. Often the use of a Pt wire 
linked to the reference electrode through a capacitor is recommended. This allows one to 
reduce the reference electrode impedance and improve the impedance measurements in 
high frequencies. Our Pt electrode was not connected to the other reference electrode thus 
the dc potential was not stable enough to perform the impedance measurements below 
1 Hz. (3) Saturated Hg/Hg2SO4 reference. 

Regulating Device 

A commercial potentiostat (Solartron EI 1186) was coupled with a transfer function 
analyzer (Solartron FRA 1250) for impedance measurements. The experimental setup was 
monitored by a personal computer (Apple IIe). 

Results  

To evaluate the potential distribution inside the electrolyzing cell, we derived a model 
experiment considering only the vertical section of the electrolyzing cell [8]. The part 
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t 
I 

(b):,/!::t~ I ..~_' 
! 

I 

FIG. 1--Two-dimensional potential distribution realized on a graphite paper (a) with- 
out and (b) with the electrode reference tip. 

corresponding to the electrolyte was materialized by a graphite paper. A conducting silver 
glue replaced the counter and the working electrodes. A 30 V dc voltage was applied 
between these two electrodes. Equipotential curves were then plotted by a metallic point 
and a digital voltmeter. Figure la illustrates the results with dimensionless potential scale. 
In this experiment, the working electrode was polarized at 1. From this figure we can see 
the equipotential curve depicts an ellipse near the working electrode. On the other hand, 

one half of the ohmic drop is located at x < 0.7. 
ro 

Figure lb illustrates the case where a reference electrode was introduced in the cell. 
From this figure one can see that the presence of this electrode does not deeply disturb the 
potential distribution. With this cell configuration about 30% of the ohmic drop was 
located between the reference tip and working electrode. 

In Fig. 2, the results of  this two-dimensional cell are compared with those deduced from 
Eq 4 and that experimentally determined in the real cell. These curves are similar in shape 
but a real quantitative difference can be noticed. As for the two-dimensional cell, the local 
current density should be quite different from the real three-dimensional cell. The diver- 
gence between the real cell and the calculated results may be attributable to cell geometry. 
This is why we carded out another experiment with a cell geometry closer to the ideal. 

The working electrode was a 5-mm-diameter iron disk (Johnson-Matthey). The elec- 
trode face just touched the surface of 1 N H2SO4 electrolyte. The electrode was polarized 
at 30 mA, i.e., 0.15 A/cm 2 by the galvanostat to satisfy the conditions of the primary 
potential distribution. The dc potential at x = 0, was measured by means of a saturated 
Hg/Hg2SO4 reference electrode connected through a Luggin capillary. The results are 
illustrated in Fig. 3 with the reduced potential scale. The theoretical curve calculated using 
Eq 5 is indicated by a solid line whereas dots are the experimental data. On the disk 
surface, measured data showed values close to 0.1 instead of 0 as expected. This differ- 
ence is most likely due to the fact that the capillary tip could not completely approach the 
disk surface, and also, when very close to it, some screening effect may have occurred. 
For the potential distribution outside the disk, experiments agree fairly well with the 
theory. Consequently, Newman's  expression can be suitably used to evaluate the electro- 
lyte resistance provided that the cell configuration is similar enough to the Newman ideal 
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28 ELECTROCHEMICAL IMPEDANCE 

form. Now, we are able to identify the electrolyte resistance in the experimental imped- 
ance data. 

Impedance diagrams from the working electrode rotated in the solution of 80% acetic 
acid (HAc) with the Pt reference electrode at various distances from the specimen are 
displayed in Fig. 4a. One may consider that these measurements correspond to the more 
favorable case, both the electrolyte resistivity and the impedance of reference electrode 
are relatively small. For  the distance of the reference tip from the disk surface x -> 1.5 mm 
the impedance diagram shows a capacitive loop for frequencies higher than 100 Hz and a 
capacitive branch for lower frequencies. This is a very common feature of impedance 
diagrams for slowly corroding metals when obtained in a moderately conductive medium, 
i.e., 10 < p < 1 k fFcm with a reference electrode having a sintered glass liquid junction. 
The use of a Pt wire linked to the reference electrode through a capacitor often eliminates 
this high-frequency parasitic loop as previously stated. 

Therefore, the low-frequency capacitive branch is relevant to the working electrode. 
Table 2 summarizes the resistance determined by the extrapolation of this branch towards 
the high-frequency limit for different values of x. The experimental values agree reason- 
ably with the calculated value according to Eqs 4 and 6. We calculated also the capaci- 
tance equal to approximately 30 txF/cm 2 from the low-frequency branch. This value is also 
reasonable for the double layer capacitance of a stainless steel surface. From the high- 
frequency loop, one can determine a parallel capacitance equal to 3 nF. 

When the reference tip is set close to the disk surface (x -< 1 mm) one observes an 
inductive loop in an intermediate frequency range. The appearance of two relaxation time 
constants seems to be a general feature of the spurious electrode impedance. 

Figure 4b shows the impedance diagram obtained with Ag/AgC1 reference electrode 
having Luggin capillary tip. For  frequencies lower than 100 Hz, the electrode behavior is 
similar to that determined with the Pt reference electrode. The resistance determined by 

TABLE 2--Electrolyte resistance and the position of  reference tip for different solutions with 
different reference electrodes. 

Solution Reference x(mm) ~ R (kl~) a Re (kl)) b 

80% HAc 
p = 10 klqcm 

Platinum 

Ag/AgC1 

0 0 0 0 
0.5 0.089 0.4 0.25 
1.5 0.268 1.00 0.75 
3.0 0.535 1.60 1.40 
0 0 0 0 
1.0 0.179 0.57 0.50 
1.5 0.268 0.84 0.74 
2.5 0.357 1.30 1.19 
5.0 0.893 1.94 2.00 

99.5% HAc 

P = 5 Ml2cm 

Platinum 

Ag/AgCl 

0 0 0 0 
1.0 0.179 180 250 
2.0 0.357 750 480 
3.0 0.535 1160 690 
0 0 0 0 
0.5 0.089 300 200 
1.0 0.179 450 250 
2.5 0.446 560 590 

"Experimental value. 
bCalculated by Eqs 4 and 6. 
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FIG. 5--Comparison of  experimental and calculated electrolyte resistance with respect 

to the reference tip position X, 80% HAc, p = 10 kfl.cm, (x) Pt tip, (+) Ag/AgCl reference 
electrode. 

the extrapolation of low capacitive loop can be identified to the electrolyte resistance as 
can be verified in Table 2. Figure 5 showed a comparison between the experimental 
electrolyte resistance and the calculated one for two reference electrode system. Experi- 
mental electrolyte resistance is slightly higher than theoretical value. This discrepancy 
may be explained by the fact that the capillary tip positions could not be determined with 
enough accuracy. The capacitance determined on this branch also remains about 30 I~F/ 
cm 2 in agreement with the Pt reference electrode results. However, two capacitive loops 
can be clearly seen for x -> 2.5 mm. The medium-frequency loop transforms into an 
inductive loop when the capillary tip approaches to the disk surface. The characteristic 
frequency of this intermediate frequency loop remains the same and equal to approxi- 
mately 1 kHz. The high-frequency capacitive loop is less sensitive to the position of 
capillary tip. The impedance can be represented by a resistor of 1.1 kll in parallel with a 
capacitor of 16 nF whatever the value of x. 

A similar feature can be observed for the solution having a higher resistivity (Fig. 6). 
Impedance diagrams obtained with Pt reference electrode (Fig. 6a) are very similar to 
those of Fig. 4b though the solution resistivity is 500 times greater. In this solution, even at 
the frequency as low as 1 Hz, the impedance relevant to the working electrode cannot be 
observed. All impedance diagrams illustrated in Fig. 6 are essentially experimental arti- 
facts. The extrapolation of these diagrams towards low-frequency limit is nevertheless 
identified as the electrolyte resistance as can be concluded from the results displayed in 
Table 2. Figure 7 illustrates the comparison between experimental and theoretical value of 
the electrolyte resistance. Though the discrepancy between these two data are signifi- 
cantly great compared with the results displayed in Fig. 5, it can be'attributed to a rather 
poor reproducibility of the solution resistivity for a very anhydrous solution. 

As a conclusion of this experimental section, we can assert that one can identify the 
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reference electrode. 

electrolyte resistance from the measured impedance as demonstrated by comparing the 
measured value to that calculated using Eqs 4 and 6. Concerning the high-frequency 
capacitive loop, both its diameter and the characteristic frequency are dependent upon the 
solution resistivity. However, both the characteristic frequency and the diameter of this 
loop are essentially independent of the position of reference tip for a given solution. In the 
intermediate frequency range, the impedance can be seen as capacitive or as inductive. 
The transformation of one behavior to the other depends on the solution resistivity. 

Modeling 

Based on the aforementioned conclusion, an equivalent electrical circuit describing the 
results is devised (Fig. 8). The electrical network is somewhat more complicated than that 
proposed by Cahan et al. [2]. The physical origins attributed for each element are de- 
scribed in the figure caption and some justifications are given in the following paragraphs. 
In Fig. 8 no inductance is used although such a characteristic was observed experimen- 
tally. This is explained by the transfer function due to a capacitive divider C,-C2 and the 
overall current [3]. The measured impedance Zmes can be expressed by 

Z m e  s -~- V c  (7 )  
I 

where Vc is the potential at the point C (Fig. 8). This potential was derived by using the 
Kirchhoff's theory for three points: A, B, and C marked on the figure. The results of 
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FIG. 8--Electrical equivalent circuit. Ca - R,: Impedance of working electrode. R~: 

Electrolyte resistance between working electrode and reference tip. R'~: Electrolyte resist- 
ance between counter electrode and reference tip. Re + R'e is equal to that calculated by 
Eq 8. Cl - R" : Coupling between reference and counter electrodes. Cr - Rr: Impedance 
of  reference electrode including Luggin capillary. C1: Stray capacitance between refer- 
ence and working electrodes. C2: Input capacitance of  regulating device. 

simulation calculations are shown in Figs. 9 and 10, respectively, for 80% and 99.5% acetic 
acid and for Pt and Ag/AgC1 reference electrodes. The position of the reference tip x is 
simulated by varying the value of Re whereas R t o  t ( = Re + Rre) remains constant. For Re, 
the experimental value was used instead of calculated one and displayed in Table 2 
because the accuracy of the distance x and of the solution resistivity for an anhydrous acid 
were poor. 

Using the value in Table 3, Rto t w a s  calculated by Eq 8 and then corrected for the wall 
position with x = 6.07 i.e., ~/~o = 0.90. R, is identified as the electrolyte resistance 
between working electrode and Pt tip or that of Luggin capillary tip. Equation 6 applied to 
the Pt tip is indeed close to 0.2 MI2 for 80% acid. Similarly, for 99.5% acid, the electrolyte 
resistance associated with the Luggin capillary tip was close to 100 Mfi. This resistance is 
high enough compared with the resistance inside the capillary tip for Ag/AgCI reference 
electrode. This resistance is actually evaluated to be 1.8 MI~ with the capillary geometry 
(80 mm in length and 2 mm in inner diameter) and the resistivity of the filling solution 
(7 kf~.cm). If the dielectric capacitance of the glass wall used for Pt electrode or Luggin 
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TABLE 3--Numerical values used in simulation calculations. 

Solution Ref Elec. Rtot R~/fl R)II RJII CJF CI/F C2/F CJF 

80% HAc Pt 4 k[l 0.2 M 0.2 M 0.1 M 30 IX 10 p 30 p 0.1 IX 
Ag/AgC1 4 kfl 2 M 2 M 0.1 M 30 IX 10 p 30 p - -  

99.5% Pt 2 MI) 2 M 0.1 G 0.1 M 30 IX 10 p 30 p 0.1 ix 
HAc Ag/AgCI 2 Mfl 2 M 0.1 G 0.1 M 30 IX 10 p 30 p - -  

capillary is taken into account,  then one evaluates a capacitance of about a few tens pF.  
This value is in good agreement with Ct. R" may be considered as the resistance coupling 
the capillary wall and the counter electrode, though there is no clear relationship with the 
solution resistivity. C2 is a reasonable value for the parasitic capacitance of  potentiostat  
circuit. C, for platinum electrode is also in an excellent agreement with the double layer 
capacitance of the exposed Pt surface. For  Ag/AgCI reference electrode, the contribution 
of the capacitance was neglected. All parameters used in the simulation calculations 
ascertain therefore the reliability of  the equivalent circuit proposed in this paper. 

Conclusion 

The use of  impedance measurements particularly for corrosion studies in extremely 
resistive medium is increasing. We verified first that the potential distribution inside the 
electrochemical cell can be adequately expressed by the model proposed by Newman. 
Therefore, we are able to calculate the value of the high electrolyte resistance in the real 
system. Consequently,  from measured impedance it is possible to identify and isolate the 
electrolyte resistance. At  higher frequencies, two spurious time constants are observed 
experimentally.  The proposed equivalent electrical circuit accounted for the experimental 
artifacts and the physical  reality of each element of the circuit was identified. 
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ABSTRACT: The software program ANALEIS with its modules, BASICS, COATFIT, 
PITFIT, and ANODAL can be used for the simulation and analysis of EIS data for simple 
corrosion systems. The advantage of ANALEIS is the optimization of the data analysis for 
each particular corrosion system based on the characteristics of its equivalent circuit. 
BASICS is used for systems that are under charge transfer or mass transport control or show 
an inductive loop. COATFIT addresses the case of the impedance behavior of polymer- 
coated metals. PITFIT can be used to analyze impedance data obtained for localized corro- 
sion of aluminum alloys. Data for anodized and sealed aluminum alloys can be analyzed with 
ANODAL. Examples are given for the simulation and analysis of impedance data for these 
corrosion systems. 

KEYWORDS: electrochemical impedance spectroscopy (EIS), charge transfer control, mass 
transport control, polymer coatings, pitting, anodized aluminum, software, simulation, anal- 
ysis 

While there is no doubt that EIS has become a very powerful tool for the analysis of 
corrosion processes, it has also become evident that corrosion scientists and engineers 
sometimes find the experimental data quite confusing. Often it is stated that despite the 
fact that EIS has produced interesting results, its use has not been pursued further because 
of the "complexity of the data analysis." These observations point to the need of software 
which can be applied to the analysis of EIS data. In most cases, such software consists of a 
general program which can be used for a large number of equivalent circuits (EC). This 
approach provides the user with the possibility to perform simulation and analysis for a 
large number of ECs, but it has the disadvantage that for such a large variety of ECs the 
analysis procedure cannot be optimized. In most cases an initial input of the fit parameters 
is necessary and the analysis is only possible if the initial guesses are close to the actual 
values. 

The approach taken by the authors for the analysis of experimental EIS data is quite 
different. Based on the experience obtained in experimental applications of EIS and the 
results reported in the literature [1], it is clear that there are several corrosion processes 
for which the use of EIS has been proven successful by a number of researchers. While in 
general the transfer function for a given system should be derived from the kinetics of the 

1professor, research assistant professor, and graduate students, respectively, Department of Mate- 
dais Science and Engineering, Corrosion and Environmental Effects Laboratory, University of 
Southern California, Los Angeles, CA 90089-0241. 
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38 ELECTROCHEMICAL IMPEDANCE 

partial reactions involved in the corrosion process [1,2], it has become apparent that for 
simple systems such as polymer-coated metals, anodized aluminum, and corrosion inhibi- 
tors ECs can be developed based on the physical and chemical properties of the system 
under study [1]. As discussed in a recent review [1], most investigators agree on the model 
for the impedance for these cases as expressed by the appropriate EC. Different analysis 
modules have been developed for each of these cases with the goal of providing an 
optimized analysis routine without the need of initial input parameters. These modules are 
part of the software package ANALEIS which is a software library for the simulation and 
analysis of EIS data. BASICS is part of ANALEIS and addresses the simplest cases of 
corrosion systems. Other modules are devoted to the analysis of EIS data for polymer- 
coated metals (COATFIT), anodized aluminum (ANODAL), and localized corrosion of 
aluminum alloys (PITFIT). 

This paper will discuss the models used for the simulation and analysis of EIS data, give 
examples for the analysis procedure used in each module, and present fit results for a 
typical case of each corrosion system. A general description of the approach used in 
ANALEIS for the analysis of impedance spectra is given in the Appendix. 

Simulation and Analysis of EIS Data 

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 EC in 
Fig. 1. This EC allows the establishment of correlations between electrochemical system 
parameters and characteristic impedance elements [3]. In Fig. 1, Cd~ is the capacitance of 
the electrode surface and Rp is the polarization resistance which is inversely proportional 
to the corrosion current density (cd)/corr. All ohmic resistances in the system under study 
such as the electrolyte resistance, cable resistances, etc. are contained in Rs. 

The impedance modulus Z(jo~) for the EC in Fig. 1 can be expressed as a function of 
frequency f = to/2-n as 

Z ( j o )  = R, + R,,/(1 + jo~C,~tR,,) O) 

The values of Rs and Rp can be determined from the high (Eq 2) and low (Eq 3) frequency 
limits of the measured impedance spectra, respectively 

I I 
R s  

Z = R  s 

Cdl  

II I 
lip 

lip 
§ 

I § ( , JwCdlRp)  ~ 

FIG. 1--Equivalent circuit (EC) for a simple corrosion system under charge transfer 
control. 
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R, = l im Izl (2) 
f ~  

and 

R, + Rp = lim IZI (3) 

Various approaches to determine the experimental value of Cdj will be described in the 
following subsection. 

Corrosion systems which are in agreement with the simple EC in Fig. 1 can be analyzed 
with BASICS. Since the general approach taken in BASICS has been discussed in detail 
elsewhere [4], only a short description will be given in the following. 

Complex Plane Plots and Analysis by Cirfit--A number of different methods are pres- 
ently used for displaying the experimentally determined complex impedance Z(jto) = Z' + 
jZ" [1]. In a complex plane plot of - 2 '  versus Z' ,  a semicircle is obtained with a radius of 
Rp/2. The values of R, and Rp can be determined from the intercept of the semicircle on the 
real axis according to Eqs 2 and 3. The capacitance Cat can be obtained from the frequency 
frn~ of the maximum of the imaginary impedance Z" and Rp 

Cat = (2'IrfmaxRp) -I (4) 

In most reported cases impedance data obtained at the corrosion potential Er have the 
shape of depressed semicircles with the center of the circle below the real axis. Mansfeld 
and Kendig et al. [5-8] have accounted for such deviations from the ideal behavior (Eq 1) 
by introducing an exponent tx which leads to 

z ( j o )  = R, + R/ (1  + (jo, C ~ , )  ~) (5) 

w i t h 0 < c x -  1. 
It is important to recognize that the use of the exponent a in Eq 5 is only a formal 

description of the experimental data and that the physical meaning of et is not clear. 
The determination of the experimental values of R,, Rp, and Cdj is greatly facilitated by 

the application of numerical fitting procedures such as the computer program CIRFIT 
which was first developed by Kendig et al. [9] for the evaluation of complex plane plots. 
Cirfit is an improved version of CIRFIT. The advantages of Cirfit become apparent when a 
complete semicircle cannot be determined in the measured frequency range, the experi- 
mental data show scatter, or when deviations from the ideal behavior occur. 

Bode-plots and Bodefit--One disadvantage of the display of experimental data in com- 
plex plane plots is the fact that the dependence of the impedance on the frequency of the 
applied signal is not directly shown [10]. Therefore, Bode-plots are recommended for the 
display of EIS data. In Bode-plots, log IZI and the phase angle are plotted versus log f .  
One advantage of such Bode-plots is the possibility to detect the regions that are domi- 
nated by resistive elements such as R, 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. 

The elements of the EC in Fig. 1 can be determined from the high- and low-frequency 
regions of Bode-plots according to Eqs 2 and 3. The capacitance can be calculated from 
the impedance at f = 1/27r, since at this frequency log IZ~ = - log  Cat for c~ = 1. The 
analysis of Bode-plots is facilitated and made more accurate by the use of the program 
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Bodefit. 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 allows calculation of  Rp 
according to Eq 3. 

The Integration Method and lntfit--For systems with high values of Rp it is often not 
possible to collect sufficient data points in the frequency range that can be used in realistic 
times for carrying out the experiment. Many corrosion systems are not stable due to 
changes in the corrosion kinetics with time that can cause changes in the numerical values 
of the elements of the EC in Fig. 1 during the time which is needed to carry out the 
measurement in the mHz region. Kendig and Mansfeld [11] have therefore proposed the 
integration method which has the advantage that only the data in the frequency region 
above fmax (Eq 4) need to be recorded. As in all applications of analysis routines, the user 
has to make sure that the data to be analyzed agree with the model on which the analysis is 
based such as the simple model shown in Fig. 1 or its modification in Eq 5. The integration 
method 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 Eq 6, Rp can be 
determined from a plot of - Z "  versus log f 

f fmax Rp = (9.2/rr) Z"(/) d log f (6) 

The capacitance Ca~ and the value of et can also be obtained with the integration method 
according to 

Cat = (2~fm~,,Rp)-' (7) 

et = (4/~r) arctan (2 Z"JRp) (8) 

where Z--x is the imaginary part of  the impedance at fmax. 
One of the main advantages of  the integration method is the independence of the - Z" 

versus log f plot of  value of  Rs [14]. Therefore, the integration method becomes most 
valuable for those systems for which R, approaches or even exceeds Rp. In these cases the 

Los ' IZI  
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- Z "  ( o ~ )  
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F i l e : C : ~ F I T ~ D I  

7 . 8 8 8 E  +82 

- Z "  (ohm) 

e 
8 2 . 8 8 8 E . , ~ 3  - 2  - 1  8 s 2 3 
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FIG. 2--Impedance plots for MgAZ31 exposed to distilled water. 
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FIG. 3--Results of the analysis of the data in Fig. 2 with Bodefit. 

use of Bode-plots for the analysis of the EIS data would not be very useful since the 
spectra would be dominated by Rs. 

Figures 2 through 5 serve as examples for the application of BASICS in the analysis of 
experimental EIS data. The experimental data shown in Fig. 2 were obtained for MgAZ31 
in distilled water. These data are plotted as Bode-plots (Fig. 3), complex plane plots (Fig. 
4), and in the format which is used for integration method (Fig. 5). 

Figure 3 shows the experimental and fitted data as Bode-plots. In addition, the fit 
parameters Cat, Rp, R,, and ~t obtained with Bodefit are shown. Both Cdt and Rp are also 
reported after normalization to the electrode area. The errors of the impedance modulus 
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F I G .  4--Results of the analysis of the data in Fig. 2 with Cirfit. 
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FIG. 5--Results of  the analysis of the data in Fig. 2 with Intfit. 

( "Er ro rz" )  and phase angle ( "Er ro rp" )  [4] are also given. In Fig. 4 the results of the 
analysis with Cirtit are presented,  while Fig. 5 gives the results of the data analysis with 
Intfit. Close agreement of the fit parameters obtained with the three different analysis 
methods is observed. In the analysis with BASICS demonstrated here, it is not necessary 
to enter initial values for the fit parameters.  Only information concerning Rs and the 
electrode area has to be entered. The use of  Intfit often leads to an answer in the shortest 
time since only integration of  the Z" - log f curve and simple calculations (Eqs 6 through 
8) are required. 

Mass Transport Control 

One of  the basic reaction schemes in electrochemistry is described by the Randles- 
circuit shown in Fig. 6 which describes the response of  a single-step charge transfer 
process with diffusion of reactants or products,  or both, to the interface [15,16]. The 
Warburg impedance W is given by 

W = <fro-l/2(1 - j)  (9) 

�9 L l 
R s  

Z = R s § 

C d l  

R= +W 

1 + ( jMCdI(R= + W)) = 

FIG. 6--Randles-circuit. 
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where cr is the Warburg coefficient. The charge transfer resistance R ,  is usually defined as 
the impedance at low frequencies extrapolated to 5 '  = 0 [17]. 

Figure 7a gives a typical complex plane plot for the EC in Fig. 6, while Fig. 7b shows the 
corresponding Bode-plots. Figure 7c is a so-called Randles-plot in which Z'  is plotted 
versus ~-1/2. According to Eq 9, the Warburg coefficient cr can be determined from the 
slope of the straight line in a Randles-plot. Spectra as those shown in Figs. 7a-c can be 
simulated as well as analyzed with the appropriate routines in BASICS. 

Experimental data agreeing with the Randles-circuit (Fig. 6) are presented in Fig. 8 for a 
70Cu-30Ni alloy which had been exposed for two weeks to a seawater medium containing 
a copper-tolerant microorganism [18]. The analysis of these data with the analysis program 
Warfit, which is part of BASICS, is shown in Fig. 9 for the experimental and fitted data in 
a complex plane plot. The fit parameters Rs, R<,, Cd~, ~, and et are also displayed. It will be 
noted that the analysis of the experimental data was possible despite the fact that few data 
points had been collected in the low-frequency region, where the mass transport process 
can be clearly recognized. 

Polymer-Coated Metals 

Impedance spectra for polymer-coated metals exposed to (corrosive) electrolytes can be 
analyzed with the software module COATFIT which is based on the EC shown in Fig. 
10a. In this EC, Cc is the capacitance of the coating which depends on its dielectric 
constant ~ and its thickness d 

Cc = e%A/d (10) 

R~o has been called the "pore resistance" by Mansfeld and Kendig [19-21], who consid- 
ered it to be due to the formation of ionically conducting paths in the polymer, Rp is the 
polarization resistance of the area at the polymer/coating interface at which corrosion 
occurs and Cat is the corresponding capacitance. An increase of Cc with exposure time can 
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FIG. 7--Bode-plots (a), Complex plane plot (b) and Randles-plot (c) for Randles circuit 
(Fig. 6). 
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FIG. 8--Impedance plots for 70Cu-3ONi after exposure to seawater medium. 

be related to water uptake by the coating [22]. The rate at which Rpo decreases with 
increasing exposure time has been used by Mansfeld and Kendig [19-21] to rank the 
efficiency of different pretreatment procedures for steel in providing corrosion protection 
by a polybutadiene coating. The changes of Car can be used to estimate the corroding or 
delaminated area Aoo= [23] and to calculate the specific polarization resistance/~po (fz-cm z) 
from which an estimate of the corrosion rate of the delaminated area can be made. Figure 
10b shows the results of the analysis of an impedance spectrum of polymer-coated Mg 
AZ31 that had been exposed to 0.5 N NaCI. The experimental and the fitted impedance 
spectra are superimposed in Fig. 10b. Also shown are the fit parameters Cc, Car, Rpo, Rp, 
Rs, a~, and 0t 2. Ar is calculated as Ar = Ca/C~ where r = 20 p~F/cm 2. The delamina- 
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FIG. 9--Results of the analysis of the data in Fig. 8 with War~t. 
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FIG. IO--EC for polymer-coated metals exposed to corrosive environments (a) and 
comparison of  an experimental impedance spectrum for polymer-coated MgAZ31 exposed 
to 0.5 N NaCl with a spectrum based on the fit parameters shown in the insert (b). 

tion ratio D is calculated as D = AcoJA, where A is the total exposed area of the polymer- 
coated metal. The parameters  fb (the breakpoint frequency), Pmi. (the minimum of the 
phase angle in the high-frequency region, Fig. 10b), and fro,,, (the corresponding fre- 
quency, Fig. 10b), are also listed in the insert of Fig. 10b. As shown elsewhere [24,25], 
these parameters are useful indicators of coating delamination and corrosion at the metal/ 
coating interface which can be determined directly from the experimental data without the 
need for a quantitative analysis of  the spectrum. 

COATFIT provides the possibility of  assessing the quality of the fit of the experimental 
data to the EC in Fig. 10a through the use of the deviation plots for the phase angle (in 
degree) or the impedance modulus IZI (in %), or both. The deviation for each of the 
experimental data points is plotted as a function of log f .  If the measured data agree with 
the assumed EC, only random variations due to scatter of  the experimental data are 
observed. If the measured data do not agree with the assumed EC, a systematic t r e nd - -  
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usually a sinusoidal variation--is observed. The deviation plots allow elimination of data 
points which show excessive scatter, and a repeat of the fit procedure after such data have 
been removed. Figures 1 la and b show deviation plots for the spectrum in Fig. 10b. Since 
no systematic errors are observed, it can be assumed that the experimental data for the 
polymer-coated Mg agree with the EC in Fig. 10a. Removal of data points which exceed a 
deviation of 5 ~ in the phase angle plot (Fig. 1 la) or 4% in the impedance module plot (Fig. 
1 lb) did not significantly increase the quality of the fit. 

? 

46 ELECTROCHEMICAL IMPEDANCE 

- ?  
- 2  - I  8 I 2 3 

Log s (Hz)  

Ig~ . eque . c~ :  s . s~)e~ .+o4 H= I I I' .D. : a.X79E+Oe ~. I 

4 S 

s  l e  n a m e  : D :'~PLOTCOATNHGB113 
9 

b) 

de~r. �9 ~ . x  . ~ . ~ . . j . .  

~ 9  . . . . . . . .  | . . . . . . . .  t , . . . . . . .  D . . . . . . . .  i . . . . . . . .  J 

-2 -1 8 1 2 3 

L o g  s (Hz) 

9.za6E+e4 .= 1 I : 4.essE+e8 d ,l 
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experimental data in Fig. lOb. 
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Anodized Aluminum 

Impedance spectra for anodized aluminum alloys can be analyzed with the module 
ANODAL. The analysis is based on the EC in Fig. 12a, where Cp is the capacitance of the 
outer porous layer, Rp is the resistance of the sealed pores, Rb is the resistance, and Cb is 
the capacitance of the inner barrier layer [26-29]. Analysis of impedance spectra for a 
large number of anodized and sealed aluminum alloys has shown that the spectra fall into a 
very narrow scatter band if the same anodizing and sealing procedure is followed. EIS has 
therefore been recommended as a quality control test for anodized and sealed aluminum 
alloys [27]. It should be noted that for unsealed or dichromate sealed samples, Rp is very 
low. Therefore, Cp does not appear in the measured spectrum in these two cases [29]. 

Figure 12b shows the results of a fit of experimental data for sulfuric-acid-anodized 
(SAA) and hot-water-sealed (HWS) A1 6061 which had been exposed to 0.5 N NaC1. Good 
agreement between the measured and the fitted spectra is observed at the highest and 
lowest frequencies. However, significant deviations occur in the frequency range between 
1000 and 0.1 Hz. These deviations become especially obvious in the frequency depen- 
dence of the phase angle, where a large difference between the experimental and fitted 
data is found for the phase angle minimum at about 10 Hz. It seems clear therefore that the 
EC in Fig. 12a, which has been used by the majority of investigators [24-26], has to be 
modified to include a transmission line impedance Zpo = K(jto)" (Fig. 13a). Excellent 
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FIG. 12--EC for anodized Al alloys (a) and comparison of  experimental data for A16061 
(sulfuric-acid-anodized (SAA) and hot-water-sealed (HWS)) obtained in 0.5 N NaCI with 
data obtained by a fit to the EC in a (b). 
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agreement between the experimental data for AI 6061 (SAA + HWS) and the fitted data 
has been observed when the EC in Fig. 13a was used (Fig. 13b). The small statistical 
fluctuations in the deviation plots confirm the validity of the modified EC in Fig. 13a for 
this case. From the fitted values of Cb and Cpo in Fig. 13b the barrier layer thickness was 
calculated as 250/~ using E = 10 and the porous layer thickness as 20 Ixm for e = 55 [28]. 
The calculated thickness of the barrier layer agrees very well with the value of 234/k 
determined from the anodizing voltage of 17 V and the relationship given by Tajima (14 
�9 ~/V [30]). The thickness of the porous layer was measured directly in the SEM using a 
cross-section of the anodized specimen. A value of 20 to 21 i~m was obtained. 

An application of EIS for the analysis of the influence of different processing parameters 
on the properties of the anodized layer is shown in Fig. 14, where Rp is plotted as a 
function of exposure time to 0.5 N NaCI for AI 6061 (SAA) which was unsealed or hot 
water sealed for time periods between 30 and 75 rain. For the unsealed sample, Rp was 
very low, but increased by a factor of 100 during exposure for 60 days. Apparently the 
pores were sealed to some extent as a result of the corrosion process. Sealing for 30 min 
gave low values of Rp; however, for sealing times between 40 and 75 min, very similar and 
high Rp values exceeding 104 l~ (A = 20 cm 2) independent of exposure time were ob- 
served. 

Localized Corrosion of Aluminum 

Mansfeld and co-workers have observed that the impedance spectra for aluminum alloys 
and Al-based metal matrix composites show characteristic changes when pits initiate and 

Cpo Cb 

Zpo Rb 
t a  

b) ~ 10 
2 ,  15  

N "7 

at 

.~ 1,2 = 
f~ 

4 - t5 

2-Fit 

I I I ! | I 1 0 
3"3 - 0  - t  O 1 2 $ 4 6 

Logf ( f  %n H z )  

FIG. 13--Modified EC for anodized AI alloys (a) and results of the fit of the experimen- 
tal data for Al 6061 (SAA + HWS) in Fig. 12b to the EC in a (b). 
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FIG. 14--Time dependence of Rp for Al 6061 (SAA + HWS) with different sealing 
times. 

grow [31-35]. The experimental impedance spectra for these materials can be explained by 
the EC in Fig. 15, where Rp and Cp are the polarization resistance and capacitance, 
respectively, of the passive surface; Rpi t and Cpi, are the corresponding values for the 
growing pits; and W = KF-'  (rio)" is a transmission line impedance. F is the area fraction 
at which pits have initiated. The pitting model in Fig. 15 is explained in more detail in 
another paper in this symposium, which also presents a detailed discussion of  the fit 
procedure and examples for the results of this procedure [36]. Figure 16 gives a compari- 
son of experimental data and fitted data and lists the numerical values of the fit data. 
C, corresponds to C, = Cp(1 - F) + FCp,, which for small values o f f  simplifies to C, = 
Cp + FCpit. Since it is not possible to obtain F separately with the PITFIT program, only 
the values of Rpi,/F and K/F result from the analysis of the experimental spectra. The 
procedure to obtain Rpit, K, and F separately has been described elsewhere [36]. As a 
result of  the final analysis it has been possible to determine pit growth rates based on the 

Rs 
r - - -3  

Rp/I1-F] 

Rpit W 
F 

0 <  F ~ 1, W-'(K/F)(Jr n 

FIG. 15--EC for the impedance of Al alloys for which pits have initiated. 
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FIG. 16--Comparison o f  experimental and f i t ted EIS data for  AI 6061 after 24 h expo- 
sure to 0.5 N NaCl: curve 1--experimental  data, curve 2--f i t ted data for  Rs = 4.2 l~, 
Rp = 1.42 104 l~, Ct = 175 ixF, Rpit/F = 2.43 103 ~ ,  K/F = 541 f~ (rad/s) -n, n = -0 .59 .  

value of R~,it normalized to the area of the growing pit Apit  = 2FA. For AI 7075-T6 which 
had been passivated in 1000 ppm CeC13 for 7 days [27,28], the time dependence of the pit 
growth rate has been determined as (Fig. 17) 

log (1/R~ = a + b log (t - to) = -3 .00  - 0.99 log (t - to) (ll) 

where to = 21 days is the time at which pits initiated as indicated by the changes in the EIS 
data. These results can be expressed as [36]: 

-3 
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= - 3 . 5  
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.~. 

~ -4.5 
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FIG. 17--Time dependence o f  the polarization resistance o f  pits R~ for  AI 7075-T6 
(passivated in CeCl3) during exposure to 0.5 N NaCl. 
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d r/dt = a'/(t - to) (12) 

which suggests that the radius r of a hemispherical pit increases logarithmically with time 

r = c log (t - to) (13) 

Summary and Conclusions 

The software program ANALEIS with its modules BASICS, COATFIT, PITFIT, and 
ANODAL can be used for the simulation and analysis of EIS data for simple corrosion 
systems. The advantage of ANALEIS is the optimization of the data analysis for each 
particular corrosion system based on the characteristics of its equivalent circuit. BASICS 
is used for systems that are under charge transfer or mass transport control or show an 
inductive loop. COATFIT addresses the case of the impedance behavior of polymer- 
coated metals. Data for anodized and sealed aluminum alloys can be analyzed with AN- 
ODAL. A new model for the impedance of anodized AI is proposed. PITFIT can be used 
to analyze impedance data obtained for localized corrosion of aluminum alloys. The 
quality of each fit is judged using deviation plots which can also be used to eliminate data 
points with excessive scatter. 

APPENDIX 

In the software package ANALEIS, a number of different methods have been used for 
the data analysis in order to obtain the best fit of the experimental impedance spectra to 
the particular equivalent circuit which is applicable for the particular system under investi- 
gation. In each module of ANALEIS a different strategy is used to obtain the best possible 
fit. In other software [37,38] nonlinear list square methods are used; however, this ap- 
proach requires fairly accurate initial guesses of the fit parameters in order to initiate the fit 
process. For complicated spectra, for which it is difficult to obtain accurate initial guesses, 
the fit procedure sometimes cannot be performed. 

In order to avoid this problem, a computer-aided search is used in ANALEIS to deter- 
mine the initial fit parameters [39,40]. Estimates of these parameters can be obtained in 
different frequency regions of the spectra by mathematical calculations. This method has 
been used to replace random input of initial parameters; however, it requires a certain 
understanding of the experimental impedance spectra. For example, in the module 
BASICS, Rs can be estimated from the high-frequency region, Cat and et from the capac- 
itive region, and Rp from the low-frequency region. In the COATFIT module, the initial 
values of R,, Co, Rpo, and al can be obtained from the high-frequency region and the 
impedance at the minimum of the phase angle, while initial values for Caj, or2, and Rp are 
obtained from the low-frequency region of the spectra. For the PITFIT module, Rpit, K, 
and n are obtained after deconvolution in the low-frequency region which is dominated by 
the transmission line impedance. A similar approach is used for the analysis of EIS data 
for anodized aluminum with the ANODAL module. 

After determination of the initial fit parameters as previously described, the quality of 
the fit is improved using different mathematical methods [41-51] such as the Monte Carlo 
method [41,44], the nonlinear least square method [41-45,48], the Newton-Raphson ap- 
proach [41-45,48] to solve the Jacobian matrix, regression analysis of a fourth-order 
polynomial equation [46,47], deconvolution [41,45], linear programming [50,51], and the 
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nonequal space Simplex rule. A detailed description of the mathematical procedures used 
in ANALEIS is beyond the scope of this paper. The best fit has the minimum accumula- 
tion of the total impedance error at all frequencies. In certain cases, minimization of the 
difference between the experimental and fitted values of the phase angle is used to obtain 
the best fit, since the phase angle is a very sensitive indicator of the quality of the fit. 
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ABSTRACT: While electrochemical impedance spectroscopy (EIS) can be a rapid and accu- 
rate method for measuring corrosion rates, the difficulties in interpreting EIS data points 
have overshadowed the numerous advantages offered by this technique. Since the charge 
transfer conductance across a corroding interface is proportional to the corrosion rate, it is 
the prime parameter sought by all electrochemical techniques. The simplest model repre- 
senting such an interface must also include a capacitance that describes the capacitive 
charge acceptance of any metallic surface exposed to an electrolyte. The validation of this 
RC equivalent circuit model can be achieved by permuting the three data points selected to 
project the center of a circle in a Nyquist representation. This paper reviews some of the 
applications of the permutation technique that have been recently published and indicate 
how some of the apparent limitations of the technique can serve to reveal important informa- 
tion on the mechanistic behavior of a corroding interface. These studies of various alloys 
exposed to aqueous environments indicate that the non-adherence of the EIS measurements 
to a perfect RC model is a rich source of information concerning the types of corrosion 
processes occurring on a metallic surface. 

KEYWORDS: electrochemical impedance spectroscopy (EIS), interface modeling, per- 
mutation technique, corrosion monitoring 

Electrochemical impedance spectroscopy (EIS) has been successfully applied to the 
study of corrosion systems for over twenty years [1]. Since Epelboin and co-workers [2] 
published their early work on the system iron-H2SO4-propargylic acid, impedance tech- 
niques have found increasing applications in corrosion research because of the possibility 
of obtaining information on the chemical mechanisms involved. An imporant advantage of 
EIS over other laboratory techniques is the possibility of using very small amplitude 
signals without disturbing the properties being measured. Another major quality of EIS is 
the possibility of working in low or variable conductivity environments. EIS has thus been 
successfully applied to study the corrosion of iron and carbon steel in neutral waters [3-6] 
or deoxygenated formic acid [7]. 

But even with many fundamental advantages over other electrochemical techniques, 
EIS remains difficult to use for field corrosion monitoring [8]. The time required to obtain a 
full impedance diagram imposes a serious limitation to the technique when the specimens 
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under study are modified relatively rapidly. The difficulties interpreting ac impedance data 
[9] is another obstacle that has overshadowed the application of EIS to field situations [8]. 

Geometric Extrapolation 

In order to overcome these difficulties, a method was developed that consisted of finding 
the geometric center of an arc formed by three successive data points on a complex 
impedance diagram [10]. The three experimental data points, a, b, and c (Fig. 1), with their 
corresponding coordinates (x~, Y0, (x2, Y2), (x3, Y3), are linked by the segments ab and bc 
with calculated points (x4, Y4) and (Xs, Ys) as centers. From the slopes of the perpendicular 
lines to the segments ab and bc which can be calculated using Eqs 1 and 2, it is possible to 
find the intercepts y6 and y7 (Eq 3) with the Y axis made by the perpendicular lines passing 
through (x4, Y4) and (xs, Ys), respectively. 

slope 1 - Y2 - Y~ (la) 
X 2 -  X l  

slope 2 - Y3 - Y2 
X 3 - -  X 2 

slope 3 = tan (inv tan slope 1 + 90 ~ 

slope 4 = tan (inv tan slope 2 + 90 ~ 

Y6 --- Y4 - slope 3 • x4 

y7 = Y5 - slope 4 • x5 

(lb) 

(2a) 

(2b) 

(3a) 

(3b) 

By merging Eqs 3a and 3b it is possible to find (Eq 4) the intercept (xs, Ys) which also 
corresponds to the center of a semicircle made by the original data points used for these 
calculations, i.e., (Xl, Y0, (x2, y2) and (x3, Y3). If  an impedance diagram had a slightly 

Y 

(0,y~ 

(O,yT) 

(xs,ys) X 

FIG. 1--Geometric  method used to extrapolate the center o f  a depressed semicircle. 
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depressed semicircular shape, the projected centers would be found in the fourth quad- 
rant. 

Y7 - Y6 (4a) 
x8 = slope 3 - slope 4 

Y8 = Y6 - slope 3 x x8 (4b) 

The analysis of EIS measurements was further developed by systematically permuting 
the data points involved in the projection of  centers. This mathematical treatment is 
schematically illustrated in Fig. 2 where one can see how one central point can be com- 
bined with three pairs of  adjacent points to generate three discrete projected centers. By 
repeating the symmetrical combinations of three points that are possible for a certain 
number of  data points (frequencies), a population of centers (Fig. 3) can be generated that 
can serve to calculate an average center position. It then becomes possible to estimate 
with a certain degree of  confidence the impedance parameters behind the apparent RC 
behavior illustrated in Fig. 4: (1) the arc diameter (or Rp), (2) the angle of tilt or depression 
angle made with the abscissa, and (3) the solution resistance Rs (high frequency intercept 
of the circle with the abscissa). 

While in general a fairly good agreement can be achieved between corrosion rates 
estimated from polarization resistance and direct mass loss measurements or solution 
analyses [9,11], the data analysis of  EIS results has often revealed the presence of an angle 
of tilt [9,11-13]. It is a common practice to introduce an empirical factor to express this 
reality through the mathematical fitting procedures used by many authors. The empirical 
factor would then appear as an exponent 13, also often expressed as (1 - et), with a value 
between 0 and 1, which would be added to the imaginary component of  an impedance 
frequency (to) response Z(to) (Eq 5). 

-Im 

. I J /Re 

FIG. 2--Schematic representation of  the permutation technique--one central data 
point is combined with pairs of  data points to draw circles and estimate centers. 
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FIG. 3--Schematic representation of  the permutation technique--the population of  
projected centers can serve to calculate a mean value and its associated standard devia- 
tion. 
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FIG. 4--Schematic representation of the permutation technique--the three main pa- 
rameters calculated with the technique, the solution resistance (R,), the depression angle, 
and the polarization resistance (Rp). 
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Z(to) = R, + Rp (5) 
1 + (.jo~R,,C,~l) ~ 

The constant phase element (CPE) corresponding to this empirical factor has often been 
associated with dispersion effects [14-16] which, in the case of a corroding metal, have 
been attributed to microscopic roughening of the surface [17-20]. 

Once the calculations are performed it is also possible to estimate the double layer 
capacitance (Cdt) from the high frequency portion of the original data. The geometric 
analysis of EIS data has been applied to the analysis of results obtained with a multitude of 
alloys and systems in various testing conditions. Copper and copper-nickel alloys were 
tested for their resistance to sea water erosion corrosion. These measurements were done 
in laboratory and testing rig conditions [21,22]. 

Carbon steel specimens were used in a laboratory environment when EIS was applied to 
a study of the efficiency of inorganic and organic inhibitors for the control of corrosion 
induced by typical corrodents found in oil and gas process waters (NaC1, H2S) [23-26]. 
The experiments with carbon steel were pursued in field conditions with commercial 
probes and industrial partners [27]. 

Various aluminum and aluminum-lithium alloys have also been recently characterized 
by using EIS and this analytical technique. These tests were all performed in a laboratory 
environment simulating either exposure to sea water [28] or during an effort to replace the 
ASTM Test Method of Salt Spray (Fog) Testing (B117) of anodized aluminum with an 
accelerated electrochemical technique [29]. In general, by simplifying both the instru- 
mental and analytical complexities involved in performing EIS measurements, it was 
possible to apply the EIS technique to practical problems where in-situ monitoring tech- 
niques are needed. EIS has been proven to be applicable to a broad variety of problems, 
ranging from low conductivity environments, to very difficult erosion corrosion condi- 
tions. 

Additionally, it was found that EIS measurements can be a very rich source of on-line 
information for systems where corrosion is a problem. The statistical data analysis per- 
formed by permuting the EIS data points to generate the resistance to polarization and its 
associated corrosion resistance can also reveal some interesting characteristics of an 
interfacial behavior. The variable depression angle of projected arc centers from the real 
axis of  Nyquist plots seems to be closely related to the microscopic transformation of the 
surface profile. During the study of carbon steel resistance to localized corrosion induced 
by adding inhibitors it was found that there is a good agreement between measured pit 
depths and this calculated depression angle [30], indicating that indeed such a parameter 
could be a good indicator of pitting corrosion attack. 

Equivalent Circuits 

The important features that contribute to the impedance response of a metal/electrolyte 
interface can be modeled using an equivalent circuit. The geometric extrapolation tech- 
nique is based on the assumption that the simplest such circuit prevails (Fig. 5a). It is often 
difficult to explain a complex physical system with such a crude simplification; more 
realistic models have been developed to better fit both the physical nature of an interface 
and the results obtained with EIS [11,31-36]. 

While such a practice has made EIS an important tool for fundamental studies of 
interfacial behavior, it might have discouraged more adventurous and widespread uses of 
the technique. Such an inhibition is probably historical since all electrochemical measure- 
ment methods have to be applied with caution to the evaluation of corrosion rates [9,37]. 
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FIG. 5--Equivalent circuit models considered: (a) simplest representation of an electro- 
chemical interface, (b) representation of the impedance of coated materials [38,41], (c) of 
one relaxation time constant with extended diffusion [38,42] and (d) of the impedance of  
pitting processes of  aluminum-based materials [38,40]. 

The distance taken by the linear polarization techniques over any other electrochemical 
technique for monitoring corrosion of real systems [38,39] can only be explained by the 
instrumental simplicity of the technique itself. 

Since the geometric extrapolation technique has made it possible to use the EIS tech- 
nique in very perturbed environments while removing the requirement of a specialized 
operator, it became important to justify the results of analysis obtained with various 
systems. Additionally, it became increasingly obvious that empirical parameters such as 
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the angle of tilt observed and adopted by most researchers in the field to explain the 
divergence between practical results and data synthesized with equivalent circuits were far 
more significant for corrosion monitoring than one might be led to believe by surveying 
modern literature. 

The patterns created by the permutation of data points used in the geometric extrapola- 
tion technique have thus become a tool in themselves since they have a tendency to 
exaggerate the differences between the simplest RC model assumed by the technique and 
the complex reality of some measurements. 

Analyzed Experimental Results 

Erosion Corrosion of  Cu-Ni Alloys 

Figures 6 and 7 represent typical EIS results obtained with cylinders made of 70-30 Cu- 
Ni alloys. Rotating the prepassivated alloys seemed to temporarily cause a decrease of the 
polarization resistance of these alloys but the polarization resistance eventually reverted 
to initial values after a few hours of rest. While the results obtained before and during 
rotation with the 70-30 Cu-Ni alloyed with Nb (Fig. 6) seemed to fit relatively well the RC 
model assumed by the geometrical extrapolation method, the projection of centers from 
results obtained with the 70-30 Cu-Ni alloyed with chromium (Fig. 7) created linear 
patterns of projected centers that indicated a departure from such a simple model. Such a 
behavior was reproduced for many specimens machined out of the same cast specimens. 

The dispersion of projected centers observed with the 70-30 Cu-Ni (Nb) alloy after the 
erosion period (Fig. 6c) eventually disappeared and focused patterns such as those of Fig. 
6a were obtained again. The dispersion in this case was attributed to the non-equilibrium 
state of the interface. The extremely long recuperation time for the process (a few days) 
was thought to be indicative of the solid state nature of the rearrangements in progress. 

The microscopic examination of 70-30 Cu-Ni specimens after a few weeks of exposure 
to saline environment revealed that the addition of 2% chromium to create a higher 
strength alloy had also created the spontaneous susceptibility of this alloy to suffer a 
localized intergranular form of corrosion attack. The depression angle which seemed to 
prevail for all the measurements obtained with these alloys also seemed to be higher (~35 ~ 
for results obtained with the chromium-modified alloy. 

Inhibition of  Carbon Steel Corrosion 

The cylindrical mild steel specimens used in these studies were exposed to various 
aqueous environments in preparation of field tests for the evaluation of corrosion inhibitor 
efficiency in industrial oil and gas environments. The EIS results illustrated in Fig. 8 were 
obtained with C-steel specimens exposed to a deaerated solution of sodium-molybdate, a 
common inorganic passivator, before adding a strong depassivator (NaC1) and air. The 
projection of centers from the experimental data points is also characterized by a relatively 
large angle of tilt which sometimes reaches values close to 45 ~ (Fig. 8b). An interesting 
correlation was found during this study between the summation of depression angles and 
either the average pit depth or deepest pit depth measured after exposures that lasted up to 
80 days (Fig. 9) [30]. 

Such a relation between the depression angle of projected arc centers from the real axis 
and the microscopic transformation of surface profiles (Fig. 10) during localized corrosion 
could form the basis for a rapid detection of the most vicious types of corrosion attack. 
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FIG. 6--Normalized impedance diagrams made with a five-day prepassivated 70-30 Cu- 

Ni alloy containing 0.4% Nb and exposed to a 3% NaCl aerated solution: (a) in a 
quiescent condition; (b) after 8 h of rotation at 5000 rpm; (c) in a quiescent condition 16 h 
after the rotation period. 

Corrosion of  Aluminum Alloys 

The resistance to corrosion of various bare faces of aluminum alloys exposed to an 
aerated saline solution was also investigated with EIS and the results analyzed by the 
systematic permutation of  data points. The specimens were mounted in a manner that 
would expose only one face of each of the orthogonal planes that were related to the 
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F I G .  6--(continued) 

rolling direction of  the commercial sheet material used for this study. For each experiment 
a pair of identical aluminum specimens were immersed in a 2 1 beaker containing a solution 
of  aerated 3% NaCl. At the completion of these experiments (14 days) the specimens were 
removed and examined with both optical and scanning electron microscopy to observe any 
difference in corrosion morphologies. 

The results obtained during this study with EIS were compared with results indepen- 
dently obtained on panels made from 2090 and 8090 A1-Li along with 2024, 6061, and 7075 
aluminum alloys subjected to exposure to sea water fog and full or partial immersion in sea 
water [28]. 

Some typical EIS normalized Nyquist plots obtained with high-strength A1-Li and alumi- 
num alloys are presented in Fig. 11. While the centers projected in the case of AI-Li alloys 
even after an exposure period of  13 days (Fig. 1 la) are quite focused, the centers projected 
from EIS data obtained with the 7075-T6 aluminum specimens produced characteristic 
depressed tailing patterns (Fig. 1 lb) normally associated with widespread localized corro- 
sion attack. 

Long-term exposure tests and microscopic examination of the EIS tested specimens 
revealed that the 8090-T8 sheet material had a lower overall corrosion rate and was less 
prone to pitting-exfoliation corrosion than its more conventional 7075-T6 counterpart. The 
depression angles obtained during the analysis of these EIS data could be correlated to the 
extent of  surface pitting but seemed to be unrelated to the seriousness or depth of attack. 

A n a l y z e d  S i m u l a t e d  R e s u l t s  

Among the numerous equivalent circuits that have been used to describe electrochemi- 
cal interfaces, only a few really apply in the context of a freely corroding interface at or 
close to a kinetic equilibrium. These have recently been reviewed [11,31,40] and discussed 
in detail. Additionally, a circuit that was used to model the impedance of the pitting 
process of aluminum-based materials [41,42] will be considered here. 
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FIG. 7--Normalized impedance diagrams made with a five-day prepassivated 70-30 Cu- 

Ni alloy containing 2.1% chromium and exposed to a 3% NaCl aerated solution: (a) in a 
quiescent condition; (b) after 8 h of  rotation at 5000 rpm. 

Beside the simple circuit assumed by the geometrical extrapolation method, another 
circuit (Fig. 5b), commonly used to model the impedance of coated materials, would 
generate nearly perfect arcs [43] when presented in the Nyquist fashion. 

On the other hand, the circuit represented in Fig. 5c contains a diffusion limited compo- 
nent [40,44] that can greatly affect the appearance of EIS plots (Fig. 12). The impedance 
(Z(o~)) of the diffusion limited or Warburg component in this circuit can be described in a 
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FIG. 8--Normalized impedance diagrams made with C-steel specimens exposed to a 

deaerated 1.2% Na molybdate solution for 6 days before adding 3% NaCl (day 7) and air 
(day 10): (a) on day 6; (b) on day 14. 

simplistic fashion using Eq 6, where to is the probing frequency, and R and C the resistance 
and capacitance associated with the distributed R-C line of infinite length. 

Z(to) = (Factor x R/C) ~ x to-o.5 (6) 

The Nyquist plots of Fig. 5b were obtained by giving R and C the values associated with 
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FIG. 9--Summation of  calculated depression angles as a function of  measured deepest 

pit depths for steel specimens exposed during: (a) 20 days in a 3% NaCI deaerated solution 
(2 h air intake); (b) 35 days in a 1.2% Na molybdate solution (continuous air intake day 9, 
3% NaCl day 22); (c) 17 days in a 1.2% Na molybdate solution (3% NaCl day 7, 
continuous air intake day 9); (d) 21 days in a 1.2% Na molybdate solution (12% NaCl day 
6, continuous ab" intake day 12); (e) 26 days in 1.9% K chromate solution (12% NaCI day 4, 
continuous air intake day 15). 

FIG. IO--SEM micrographs (• 750) of  steel specimens exposed for 20 days to an 
aerated solution containing: (a) 2M (12%) NaCI, (b) 2M NaCl + 0.1 M K chromate, and 
(c) 2M NaCl + 0.1M Na molybdate. 
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FIG. 10--(continued) 

Rp and Cat while changing the coefficient (Factor) multiplying the ratio of these compo- 
nents. The synthetic data were then analyzed with the geometric extrapolation technique 
which also produced the results presented in the legend (Fig. 12). 

The presence of a Warburg component tends to produce the tailing patterns associated 
with many of the experimental data. But its presence does not by itself create the 
depression angle commonly associated with real data nor does it hinder excessively the 
calculation of both R, and Cal. With a Factor as high as 30% the difference between Rp and 
Cat calculated with the geometric projection method and the values used for the simulation 
of this circuit is only 20% in the case of R, and nil in the case of Cat (legend, Fig. 12a). 

This good agreement between the values used in the simulation and those calculated 
with the projection technique disappeared when the model proposed by Mansfeld and co- 
authors [41,42] to represent the pitting process of aluminum-based materials (Fig. 5d) was 
used and the resulting synthetic data analyzed (Fig. 13). The main reason for the discrep- 
ancy between the simulated and calculated values of Rp and Cat (or Cp in this case) is 
surely the very low value given to Rpi t in this model. Since the pitting surface is, in this 
model, considered to be a circuit in parallel to the rest of the exposed metallic surface, 
such a low value would dominate the impedance characteristic of EIS measurements as a 
function of the ratio (F) of pitted to nonpitted surface area. 

The patterns produced during the analysis of these synthetic data (Fig. 13) contained the 
tailing and depression angle obtained with real data. But in no case were the high angles 
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FIG. 11--Normalized impedance diagrams made with long transverse edge specimens 

exposed for 13 days in an a e r a t e d  3% NaCl solution: (a) 8090-T8 Al-Li and (b) 7075-T6 Al. 

observed for obviously pitting systems reproduced with such a model. The highest depres- 
sion angle was obtained when an F corresponding to 50% of the surface was used in the 
simulation. The tailing patterns obtained with this model also contained a curvature that is 
absent of the tailing patterns produced with experimental pitting systems (Fig. 7, Fig. 8c, 
and Fig. lib). 

Copyright  by ASTM Int ' l  (al l  r ights  reserved);  Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
Universi ty of  Washington (Universi ty of  Washington) pursuant  to License Agreement.  No further  reproductions authorized.



68 E L E C T R O C H E M I C A L  I M P E D A N C E  

-Im/Rp 
0 . 8 7 -  

0.6 

0 .4  

0.2 

- -  R p  �9 1 2 0 0  O h m s  

- -  C d l  �9 2 0 0  u F  

- -  w l i m i t  = 2 5 0  m H z  

- 0 . 2  I i I 4 I 1 I i i 

0 0.2 0.4 0.6 0 .8  1 1.2 1.4 1.6 

Real/Rp 

-Im/Rp 
0 . 6  

0.4  

0 .2  

S / - -  Rio �9 1 1 0 0  O h m s  

- -  C d l � 9  2 0 0  u F  

- -  w l i m i t  �9 2 5 0  m H z  

I 4 L I L 

0 0 .2  0 .4  0 .6  O.B 1 

Real/Rp 
FIG. 12--Simulated results obtained with the circuit o f  Fig. 5c (Rp = I000 l), Cd~ = 200 

I~F; Factor of(a) 30% (b) 10%; (c) 1%. 

C o n c l u s i o n  

The patterns typically produced during the analysis of experimental EIS results by the 
geometric extrapolation technique could only be partly reproduced when synthetic data 
were analyzed. Since a prerequisite to use EIS with confidence for corrosion studies and 
monitoring is the development of appropriate models which could explain the observed 
EIS spectra this would indicate that a few improvements are still desired. One o m -  
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FIG. 12--(continued) 

nipresent characteristic of these spectra that really has to be addressed properly in terms 
of its significance in corrosion is the CPE or angle of tilt of Nyquist plots. 

The unavoidable crystallographic heterogeneity of a rough surface severely restricts the 
range of validity of any model describing its electrochemical behavior. Microscopic 
roughening of the solid surface provides an additional complication that can only be 
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FIG. 13--Simulated results obtained with the circuit o f  Fig, 5d (Rp = 1000 [}, Cp = 200 
p,F, Rpit = 2.5 I}, Cpit = 80 mF); Factor o f  (a) 50%; (b) 5%; (c) 0.5%. 
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addressed by using complex models with fractal geometries [45,46]. But on a practical 
level the relation between the absolute value of this CPE and the extent of localized 
corrosion attack could be of great value for monitoring purposes provided proper calibra- 
tion are performed. 
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ABSTRACT: Artifacts are ubiquitous to electrochemical impedance measurements at suffi- 
ciently high frequency. These artifacts, which are exacerbated by low conductivity solu- 
tions, can arise from the measurement electronics, the reference electrode, the electrical 
leads, or the electrochemical cell, or a combination thereof. This study has systematically 
examined the factors that may contribute to the occurrence of artifacts in low conductivity 
media. The frequency regime over which artifacts exist was identified for steel in lake water. 
The value and occurrence of the solution resistance was identified by adjusting the conduc- 
tivity and comparing the results with calculated values. Possible contributions from the 
frequency response analyzer, potentiostat, reference electrode, and cell geometry were stud- 
ied using a series of test resistors. The major contributors to artifacts appear to arise from 
the potentiostat and associated leads, and the ratio of the resistances between the working 
and reference and the reference and counter electrodes in the electrochemical cell. The 
problem of fitting complex spectra was approached by combining nodal analysis with sim- 
plex fitting. A model was determined that accurately reproduces the spectra for a set of 
current measuring resistors used in the voltage-drop configuration for two electrode mea- 
surements using a particular make of potentiostat. 

KEYWORDS: impedance, artifacts, low conductivity, equivalent circuit, modeling 

In the application of impedance spectroscopy to electrochemical systems, it is tacitly 
assumed that the high-frequency limit is the electrolyte resistance. Application of network 
analysis or transfer function theory to any interfacial model will invariably bear out this 
conclusion. In practice, however, electrochemists and corrosion scientists realize that 
there is typically an upper frequency limit, beyond which the high-frequency impedance 
data are corrupted by one or more factors. High-frequency artifact is often attributed to 
additional time constants associated with the reference electrode [1], the Luggin capillary 
[2], limitations of the potentiostat [1,3], poor cell design [4], cell geometry, electrical leads, 
and connectors [5-10]. Other sources proposed for high-frequency artifact are viscoelastic 
properties of the electrolyte [11] and surface porosity [12-14]; however, these latter 
theories are less widely supported and have been argued [15]. Although many of these 
explanations have resulted in methods for minimizing high-frequency measurement error 
in electrolytes having good conductivity, artifacts remain, making it common practice 
among experimentalists to ignore impedance data above frequencies of approximately 104 
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to 105 Hz to eliminate risk of interpretational error. If the solution resistance has been 
identified within the spectrum, deletion of higher frequency data is certainly justifiable. 
However, it may be unsafe to assume that lower frequency interfacial data are 
uncorrupted by the factors that caused the high-frequency artifacts. 

Recently, these authors and others have observed that application of electrochemical 
impedance spectroscopy (EIS) to low-conductivity solutions such as lake water [16], 
glacial acetic acid [17], and polyamic acid, significantly decreases the frequency at which 
"high frequency" artifacts begin. In these cases, the solution resistance may not be 
observed with adequate fidelity until frequencies as low as 10 to 100 Hz are reached. The 
impedance data from 65 kHz (or higher) to 100 Hz may take the form of a high-frequency 
capacitive arc followed by a low-frequency inductive arc or several capacitive arcs con- 
nected with loops. This can be disconcerting to the adventuring experimentalist, who upon 
first observation may misinterpret artifacts as interfacial properties (e.g., oxide character- 
istics, polarization resistance) because they occur in frequency regimes where interfacial 
properties are expected. Of even more concern is the possibility that the resulting artifact 
can obscure altogether the behavior of  the electrochemical interface under study. Hence, 
it is of great interest to determine the source of these errors and eliminate them from the 
measurement. 

Previous investigators have attributed artifacts observed in low-conductivity electro- 
lytes to parasitic conduction paths within the electrochemical cell and measurement sys- 
tem [17,18]. Receiving most interest have been parasitic pathways produced by the stray 
capacitances between the reference and working electrode and the reference and counter 
electrode, as well as the stray capacitance associated with the current measuring resistor. 
Although the proposed circuit models have adequately simulated the high-frequency arti- 
fact observed for stainless steel in glacial acetic acid [17], this laboratory has found that 
they do not adequately explain impedance data observed for steel in fresh lake water. 
Because of the importance of  understanding the corrosion behavior of steel in fresh waters 
and the ubiquity of high-frequency artifact, it is the long-term objective of this research to 
determine a more universal model which can account for all low-conductivity environ- 
ments. The motivation for this work is based on the belief that the source of the artifacts 
extends beyond the electrochemical cell and reference electrode, but must also include the 
electronics within the potentiostat. 

Although it may seem logical to just ignore data above some critical frequency, it is 
quite possible that the circuitry responsible for the artifact may contribute to the spectra in 
the frequency range pertaining to the interface under study, and in some cases totally mask 
it [19]. The objective of this study is to develop an appropriate model for the combined 
stray current paths within the cell and the measuring electronics, so that their contribution 
to the impedance can be deconvoluted from the total spectra. This will in theory provide a 
means to extract a concise description of the interfacial impedance from which an accurate 
assessment of corrosion rates, etc. can be made. 

In the case of low-conductivity electrolytes there are three perceived variables that 
contribute to high-frequency impedance artifact that must be accounted for: the measure- 
ment electronics, the electrochemical cell (including geometry, reference electrode, wir- 
ing, and connections), and the solution resistance. This paper has examined all three of 
these variables individually within two phases of experimentation. Because experimenta- 
tion with steel in fresh lake water was the impetus for this project, the first phase of 
research examined the effect of changing solution conductivity for this system, holding all 
other variables constant. The second phase of experiments that will be presented examines 
the contribution of the electronics, and to some extent, cell geometry, by examining and 
modeling the artifacts observed for a range of precision resistors. By using a resistor for 
the test cell, issues related to stray pathways within the cell (other than the stray capaci- 
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tance associated with the resistor) can be ignored, thus allowing an examination of the 
contribution of  the electronics, wiring, and connections. In this second phase of  investiga- 
tion, a powerful algorithm which fits impedance data to complex ladder networks is 
introduced. It should be noted, however, that the circuit presently used only incorporates 
a two-electrode measurement.  This model is an initial step in detailing the response of the 
electronics, including three-electrode measurements,  as most laboratory measurements 
use a three-electrode configuration. 

The goal of this study is to generate a universal model that can be used to extract 
artifactual data from impedance spectra corrupted by artifacts. The intention of this study 
is not to analyze one particular brand of instrument because artifacts are inherent to 
instruments of  all makes. This study currently addresses only one particular make of 
instrumentation; however,  it is believed that much of the instrument modeling can be 
extrapolated to other brands with slight modifications. These modifications will be the 
origin of future work. 

Part I. The Effects of Changing Solution Conductivity 

Experimental Methods 

Mild carbon (A36) steel cylindrical electrodes (1.9 cm by 0.9 cm diameter) were dry 
polished to a 600 grit SiC finish, followed by ultrasonic cleaning in hexane. The test cell 
consisted of the steel cylindrical electrode, a concentric cylindrical platinized niobium 
mesh counter electrode, and a saturated calomel reference electrode (SCE) in a glass well 
possessing a Luggin capillary. All experiments were performed under nonflowing condi- 
tions, in aerated solution. It should be noted that experiments performed with a silver wire 
reference electrode inserted into the glass well in place of the SCE yielded identical 
results. Because of  the similarity, the experiments comprising the silver wire are not 
shown. 

EIS measurements were performed with a Schlumberger 1286 potentiostat and a model 
1255 frequency response analyzer (FRA). All impedance scans were run in a three- 
electrode configuration at the open circuit potential using potentiostatic control and a 
10 mV rms ac voltage signal. All data were integrated over ten cycles and the current 
measuring resistor was optimized for each measurement using the autorange feature in 
ZPLOT software. 

Lake water was obtained from Lake Anna in Mineral, Virginia. The lake water had a 
resistivity of approximately 19 000 f~-cm with the ionic content shown in Table 1. Solution 
resistivity was decreased by the addition of KC1 and NaMoO4 and increased by the 
addition of  distilled deionized water (resistivity = 18 Mf~-cm). Solution resistivities (con- 
ductivities) were measured with a YSI 32 conductance meter. 

TABLE 1--Summary of ion content of water obtained from 
Lake Anna as determined by ion chromatography. 

Composition, 
Anion ppm 

Sulfate (SO])  8.1 
Chloride (C1-) 4.1 
Nitrate (NO~-) 2.1 
Phosphate (PO4-) < 1 
Fluoride (F-)  0.32 
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FIG. 1--1mpedance spectrum of  A36 steel exposed to lake water, scanned from 1 MHz 
to 0.5 mHz. 

Results and Discussion 

A resulting impedance spectrum for A36 steel in lake water is shown in Fig. 1. The 
spectrum was measured from 1 MHz to 0.5 mHz and is uncorrected for specimen area 
(5.32 cm). Three capacitive arcs and one inductive arc can be seen. Upon initial inspec- 
tion, it is not clear how to analyze the data to determine the solution resistance, much less 
the interfacial behavior.  It is clear, however, that artifacts are present as evidenced by the 
negative real behavior displayed at approximately 1 MHz. Thus, there is a need to perform 
additional experiments that can assist in the deconvolution of the spectra so that interfacial 
behavior is revealed. 

Although the conductivity of a solution can be increased by the addition of a supporting 
electrolyte,  the supporting ions may alter the interfacial phenomena that are of interest. 
However ,  low conductivity is not the only source of artifacts in an impedance spectrum. 
Both the electronic instrumentation and the cell geometry also contribute to artifacts in an 
impedance spectrum. It is of interest, therefore, to vary some or all of these three primary 
components to delineate the frequency range over which they contribute to the impedance 
spectrum. Ideally, it is of interest to vary only one of the contributors while holding the 
other two constant in order to reveal the effect of each singular contribution on the 
artifacts as a whole. 

The ability to vary each of the three primary contributors (the electronics, the cell, and 
the solution resistivity) to the artifacts can be limited. The electronics generally may be 
considered fixed, with the only controlled variations arising from the selection of a current 
measuring resistor. Varying the geometry of the cell may be somewhat easier. Previous 
research has detailed the effects of changing the position of the reference electrode with 
respect to the working electrode [17,19,20]. This allows control of the magnitudes of the 
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solution resistance both between the reference and working electrodes (Rs) and between 
the counter and reference electrodes (R'). Unfortunately, as these parameters are 
changed, artifacts arising from other effects may occur, such as screening of the working 
electrode by the reference electrode [20]. The values of Rs and R's that may be examined, 
therefore, are limited to a narrow range, wherein it can be assumed that changes in the 
spectrum are arising solely from changing R, and R'. Another drawback of this method is 
that for a given cell and test solution, (R, + R') is constant so each may not be varied 
independently when moving the reference electrode. Therefore, in order to examine a 
wide range of  solution resistances, the resistivity of  the solution must be changed. 

Sets of experiments using a change in solution resistivity have been performed in order 
to better understand the impedance spectrum of Fig. 1. The solution resistivity was 
changed in three different manners in order to discern the scope of the artifacts and extract 
the interfacial behavior. The first set of experiments involved the addition of KC1 to the 
solution in varying amounts. The results of these experiments may be seen in Fig. 2, a set 
of spectra scanned from 1 MHz to 1 Hz (the low-frequency capacitive loop seen in Fig. 1 
is not shown in these spectra). It is seen that as the solution resistivity decreases, there is a 
decrease in size of the intermediate-frequency loop, which initially shows inductive behav- 
ior, but then becomes capacitive, disappearing altogether at the lowest solution resistivity. 
The size of  the high-frequency capacitive arc is seen to decrease with decreasing resistiv- 
ity. Additionally, as the solution resistivity is decreased, the high-frequency arc (see also 
Fig. 3) is seen to intersect the intermediate frequency capacitive arc at continually lower 
impedances relative to the intermediate-frequency arc. This continues until, at the lowest 
resistivities, the high-frequency arc no longer intersects the intermediate arc, and the loop 
disappears. 
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FIG. 2--Impedance spectra for A36 steel exposed to lake water with different solution 
resistivities resulting from the addition of  KCI. Solution resistivities and resistances of  
experiments A - G  are given in Table 2. 
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It was hypothesized that the solution resistance was the real component of impedance in 
the 1 to 100 Hz region, because at low resistivities this is the only region in which Z" ~ 0. 
Support of this hypothesis may be found from simple calculations. It is known that 

p(I~ - cm) = Rs(~)X(cm)  (1) 

where p is the solution resistivity and X is the cell constant. X is constant because the 
geometry of the cell is fixed for a given set of experiments,  therefore the ratio of the 
resistivity of the solution to the measured solution resistance should be constant. That is, 

X = ---P = Constant (2) 
Rs 

Table 2 shows the results of  the calculations for each experiment, wherein p was measured 
with a conductivity probe and Rs was obtained from the spectra as the real component of 

TABLE 2--Summary of  the measured resistivities, measured solution resistances and calculated 
cell constants o f  the spectra of  Fig. 2. The average cell constant is 15.6 cm and the standard 

deviation is 0.755 cm. 

A B C D E F G 

p (kf~-cm) 19.5 13.6 8.83 6.20 4.95 3.61 1.76 
R, (1-1) 1140 865 585 400 317 233 121 
X (cm) 17.1 15.7 15.1 15.5 15.6 15.5 14.6 
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FIG. 4--1mpedance spectra for A36 steel exposed to lake water with different solution 
resistivities resulting from the dilution of the lake water with distilled deionized water. 
Solution resistivities and resistances of experiments A -E  are given in Table 3. 

the impedance in the 1 to 100 Hz region. It may be seen that the cell constant is indeed 
approximately equal for each experiment,  supporting the hypothesis. Further support for 
the hypothesis arises from a qualitative observation. It can be seen from the Bode angle 
plot, that although the phase angle (and hence Z") approaches zero at three separate places 
in the spectrum, it is only in the 1 to 100 Hz region where the phase angle is approximately 
zero over  a relatively wide range of frequencies, which is indicative of a resistive element. 
In the high-frequency region, Z" (and the phase angle) approaches zero at two (or more) 
separate frequencies. As the resistivity is reduced, the phase angle becomes further re- 
moved from zero at frequencies above 100 Hz. It may be reasoned that because the phase 
angle behavior of the spectrum in the 1 to 100 Hz region is unchanged with changing 
solution resistivity, the approach of the phase angle (and Z") to zero in this region is indeed 
an expression of the solution resistance. Because the higher frequency data are affected by 
changes in the solution conductivity, it is reasoned that the behavior above 100 Hz is 
caused in part by low solution conductivity. 

A second set of  experiments supported this result. In this set of experiments,  the lake 
water was diluted with distilled, deionized water. Therefore, the ion concentrations were 
all changed equally in these experiments,  without the addition of foreign elements. It is 
seen from Fig. 4 that as the resistivity is increased by increased dilution, the spectra 
change in a manner consistent with that seen in the experiments comprising the addition of 
KCI. It is seen that the size of the high-frequency arc increases with increasing resistivity. 
As before, the cell constants were computed for these experiments and are shown in Table 
3. It is seen that, although the data are noisy at the lower frequencies, the cell constants 
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TABLE 3--Summary o f  the measured resistivities, measured solution resistances, and calculated 
cell constants o f  the spectra o f  Fig. 4. The average cell constant is 19.0 cm and the standard 

deviation is 0.713 cm. 

A B C D E 

p (kt~-cm) 78.1 47.6 32.8 24.0 20.0 
R~ (f~) 4370 2470 1750 1220 1030 
X (cm) 19.5 19.6 18.7 19.3 17.9 

are approximately equal and, again, the hypothesis that the solution resistance lies in the 1 
to 100 Hz region may be supported. 

A change in the solution resistivity may result in more than a variation of R, and R'. The 
addition or deletion of aggressive anions such as chloride can also change double layer and 
Faradaic processes. The concentration change, therefore, causes many parameters to 
vary. In the case of the addition of chloride, it would be expected that the polarization 
resistance would decrease with increasing chloride concentration. The data above 100 Hz 
that have been hypothesized to be artifactual also shrink with increasing chloride concen- 
tration. Therefore, it may be argued that because the high-frequency data shrink with 
increasing chloride concentration, the high-frequency data may not be solely artifactual 
but may also include the polarization resistance. Thus, a third set of experiments was 
performed using additions of sodium molybdate to the solution. It is known that the 
molybdate ion is a corrosion inhibitor for steel in neutral water [16,21,22]. Therefore, 
addition of molybdate should decrease Rs and increase the polarization resistance of the 
steel. A resulting decrease in the magnitude of the high-frequency data coupled with an 
increase in the magnitude of the low-frequency data would further support the hypothesis 
that the data above 100 Hz is artifactual while that below 100 Hz is interracial. 

Figure 5 shows the results of experiments involving the addition of sodium molybdate. 
Sodium molybdate was added in sufficient concentrations to achieve resistivities compara- 
ble to the KCI experiments (see Table 4). It may be seen that for essentially equivalent 
resistivities, the high-frequency behavior of the steel exposed to sodium molybdate is 
similar to that observed when exposed to potassium chloride. If the data above the 50 Hz 
region were indeed due to an interracial process, the impedances would increase with 
increasing conductivity (i.e., increasing molybdate concentration). This is not observed. 
As previously observed, the presumed solution resistance is seen to occur in the 1 to 
100 Hz region of the data. Again, the cell constant calculations shown in Table 4 confirm 
the hypothesis that the solution resistance indeed lies in the 1 to 100 Hz region. The low- 
frequency capacitive arc (see Fig. 3), which was attributed to the interfacial behavior, has 
been found to increase in size with increasing molybdate concentration. This further con- 
firms the argument that the data above the 1 to 100 Hz region are due to artifacts and that 
the data below this region originates from the interfacial behavior. 

Part H. Contributions of the Electronics 

It was of great interest to model the impedance data obtained from experiments with 
lake water in order to adequately explain and possibly mitigate the artifacts. Initial efforts 
resulted in models that could mimic the behavior of the experimental data but required 
circuit element values and configurations that were physically unrealizable. It became 
obvious that the effects of the electronics, which had been previously ignored, must be 
taken into consideration so that a realistic model could be produced. It is known that the 
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FIG. 5--Impedance spectra for A36 steel exposed to lake water with different solution 

resistivities resulting from the addition of  sodium molybdate. Solution resistivities and 
resistances of  experiments A - D  are given in Table 4. 

electronics can contribute to a measured impedance spectrum [23]. Furthermore,  it is 
known that the solution resistance between the reference and working electrodes (Rs) and 
the solution resistance between the counter and reference electrodes (R') have a deleteri- 
ous synergistic relationship with the electronics such that increased resistances produce 
increased artifacts [16]. Therefore, it was the object of  this phase of  the study to detect the 
origin of the artifacts arising from the electronics and to study the effect of Rs and R" on a 
resulting impedance spectrum. 

Errors in impedance measurements can arise in five physical locations: the test cell, the 
leads from the cell to the potentiostat,  inside the potentiostat itself, in the leads from the 
potentiostat  to the frequency response analyzer (FRA), or finally, inside of  the FRA. The 
ability to control the extent of these errors varies. Artifacts caused by the test cell are at 
least partially under the control of the experimenter. Cell geometry may be modified, and 
it may be possible to alter the solution resistance by reducing the solution resistivity or by 
altering the cell geometry. The leads to the potentiostat should not be altered by the 
experimenter because potentiostats are calibrated to the lead length supplied at purchase. 
Errors from the potentiostat  are inevitable and can only be compensated for after the 
measurement is made. These errors are of the greatest concern. Finally, errors arising 
from the FRA and its leads have been found to be negligible and of little concern. This is 
discussed in greater detail in the following paragraphs. 

While the parasitic pathways inside the potentiostat and its leads (hereafter collectively 
referred to as the potentiostat) are not controllable, they are independent of the test cell 
and should be constant for a given test condition. Thus, a model that may explain errors 
caused by the potentiostat  should be portable and applicable to a variety of different 
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TABLE 4--Summary of  the measured resistivities, measured solution resistances and calculated 
cell constants o f  the spectra of  Fig. 5. The average cell constant is 18.1 cm and the standard 

deviation is 2.00 cm. 

A B C D 

p (kf~-cm) 19.0 13.3 3.60 1.70 
R~ (lq) 920 729 201 108 
X (cm) 20.6 18.2 17.9 15.7 

experiments conducted on the same physical potentiostats and possibly on other potentio- 
stats of the same model. One way to evaluate the artifacts caused by the potentiostat is to 
conduct an impedance scan on a simple, stable, and linear test cell with known values. The 
simplest test  cell chosen was a resistor measured in a two-electrode configuration, thus 
eliminating contributions of a reference electrode. 

There are two possible ways to circumvent the errors introduced by the measuring 
apparatus: (1) determine and operate the test equipment in a region where it is known to 
produce accurate results, or (2) explain and account for the artifacts created in the 
frequency regime being examined so that useful data can be extracted. This project sought 
to use both ways of resolving these artifacts. The response of the potentiostat /FRA 
combination to a variety of test conditions was mapped out experimentally and a partial 
model that explains many of the observed artifacts was developed. 

Experimental  Methods  

Contributions o f  the F R A - - T h e  FRA receives two voltage signals from the potentiostat  
representing voltage and current, which it compares in phase angle and in magnitude, 
thereby producing a scaled impedance. To test the response of the Schlumberger 1255, the 
output signal it produces was fed back through the coaxial cables which normally connect 
the FRA to the potentiostat  into the Channel 1 and Channel 2 inputs. This was done for 
150 mV, 1 V and 1.5 V signals. These signals cover the range of possible inputs to the 
FRA. 

Contributions o f  the Potent ios ta t - - Ignor ing  all electrochemical interfaces, any electro- 
chemical cell will have a parallel resistor/capacitor (RC) combination between both the 
counter and reference electrodes and the reference and working electrodes due to the 
resistivity of  solution and the geometric capacitance. The simplest way to mimic these RC 
combinations is to place resistors between the counter and reference, and reference and 
working electrode leads in a three-electrode configuration. The geometric capacitance will 
be modeled by the stray capacitance that exists in any real resistor. 

In order to evaluate the response of the potentiostat,  a test matrix of two-electrode 
measurements comprising resistors in half-decade increments from 10 f~ to 100 kl) was 
performed. Fixed current measuring resistors of the same value or, for the half-decades, 
both the value above and below, were used. To observe the effect of a reference electrode 
to counter electrode path, three-electrode measurements were made by inserting a second 
resistor, R ' ,  between the counter and reference electrodes. The geometric positioning of 
the reference electrode within an electrochemical cell was simulated by changing the ratio 
of R's to Rs. These ratios were 1 : 10, 1 : 1, 10: 1, and 100: 1. Thus, a test matrix was formed 
by varying both the magnitude of R~ (10 ~ to 100 kft) and the ratio of R's to R,. All results 
were confirmed by two or more experiments. 

Each test was conducted at 0 V dc using a 10 mV sinusoidal test signal. The 1286 
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electrochemical interface was set to bandwidth type 'C'. The FRA was set to short 
integration, 100 cycles maximum on the current measuring channel and scanned from 
20 MHz to 100 Hz  at 25 points/decade. It should be noted that although the FRA is able to 
scan frequencies as high as 20 MHz,  the potentiostat is unable to function adequately 
beyond 1 MHz. The frequency range beyond 1 MHz was scanned solely for the sake of 
completeness.  

A series of 5% carbon resistors used for the test matrix were mounted in an Archer 
Universal Breadboard and the potentiostat leads were attached to the resistor leads. Care 
was taken to orient the leads in a consistent manner, since it has been observed that 
repositioning of the leads may alter very high frequency results. The resistors were mea- 
sured to have a capacitance of less than 10 pF across them when mounted in the bread- 
board. 

Results and Discussion 

Contributions of  the F R A ~ F i g u r e  6 shows the response of the FRA to its own output 
signal. Scans to 20 MHz using both extremes of  the possible range of  input voltages 
(150 mV and 1.5 V) indicate that both the magnitude and the phase angle responses are 
extremely constant and never deviate more than 0.5% from the expected value. Therefore, 
it is unlikely that the FRA contributes to observed impedance artifacts. 

Contributions of  the Potentiostat~The completed matrix of test resistors (9 total) and 
R, to R'~ ratios (5 total) is too large to display the spectra in their entirety. Figure 7 displays 
a subset of the matrix, a series of four plots for a 330 12 test resistor (2 R',:R, ratios, 1 : 10 
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FIG. 7--Nyquis t  plots o f  a 330 12 test resistor varying R" :Rs and the current measuring 

resistor. Plots a and b are measurements with R'~: Rs equal to 1 : 10 and 100: I, respectively, 
with a 100 l'l measuring resistor. Plots c and d are measurements with R" :R~ equal to a 
1:10 and 100:1, respectively, with a 1 kl) measuring resistor. 

and 100:1, for both the 100 l~ and 1 kI~ measuring resistors). These plots display the 
general features discovered throughout the matrix. The most prominent feature of the 
plots is that all the tests conducted using the 1 kf/measuring resistor display capacitive 
behavior while each test conducted using the 100 f/measuring resistor display inductive 
behavior. This may be caused by the switch in measuring techniques from virtual-earth to 
voltage-drop in this make of potentiostat. Another important observation is that the R" to 
Rs ratio has a definite effect on the shape of the artifact produced and on the frequency 
range over which the artifacts are observed. The variations due to the changing ratios must 
be caused by parasitic pathways because, theoretically, the value of R" should not affect 
an impedance spectrum. 
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One manner of representing the degree to which artifacts affect an impedance spectrum 
is the use of percentage error boxes. An "n% box"  was chosen arbitrarily as a figure of 
merit and is defined as the frequency closest to the point where the Nyquist  diverges by 
• n% of  the actual magnitude of  the resistance in either the real or imaginary components.  
A more accurate method would use a divergence of n% in the magnitude of the impedance. 
That is, it would be more accurate to use a circle rather than a square to measure the error. 
However ,  because of the limited resolution of frequencies, the additional error caused by 
the n% box method is acceptable.  

Each experiment used a measuring resistor which was of the same magnitude as the test 
resistor for test resistors of whole-decade magnitudes (e.g., 100 12, 1 k12). The measuring 
resistor immediately smaller than the test resistor was used for test resistors of half-decade 
magnitudes (e.g., 330 l-l, 3.3 k12). The n% box calculations give approximate boundaries 
for the maximum frequency that can be trusted to a desired level of accuracy at any 
particular impedance. An example of these calculations may be seen in graphical form in 
Fig. 8 where R':Rs = 10:1 and n% = 1%, 5%, 10%, and 20%. Additionally, Table 5 
displays the entire matrix for the 1% box calculations. It should be noted that for errors 
smaller than 1% the data may be considered to be unaffected by artifacts arising from the 
potentiostat.  On the contrary,  errors larger than 20% may be considered to be greatly 
affected by artifacts arising from the potentiostat and should be discarded. It may be seen 
from Table 5 that, in general, as the ratio of R's to Rs is increased for a given R,, the n% box 
frequencies decrease.  This indicates that the artifacts are occurring at lower frequencies as 
the ratio is increased. It may also be seen from both Table 5 and Fig. 8 that as the 
magnitude of the test resistor is increased, a peak in the n% box frequency is seen at 1 k12. 
This is curious because it is commonly believed that as a solution resistance is increased, 
the artifacts at a given frequency should increase. This perplexing behavior may be some- 
what explained. It is known that the potentiostat  uses two different types of current 
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TABLE 5--Summary of the 1% box frequencies obtained for various combinations of test resistors 
and measuring resistors. 

Test Resistance 2-Electrode, 1 : 10 ratio, 1 : 1 ratio, 10:1 ratio, 100:1 ratio, 
(Measuring Resistor) kHz kHz kHz kHz kHz 

10f~ (10ID 12.6 34.6 13.8 13.8 24 
331) (10fD 50.2 - -  60.4 60.4 16.6 
331q (10012) 38.1 - -  50.2 45.8 31.7 
100f~ (100fD 126 115 126 115 264 
3301) (lOOl)) 240 264 200 264 12.6 
3301~ (lkl'l) 264 264 264 138 20.0 
lkg~ (Ik~) 105 105 95.7 41.8 9.57 
3.3k1~ (lkl~) 46.8 41.8 38. l 16.6 2.64 
3.3k~2 (10k~) 105 95.7 79.6 28.9 4.58 
10kf~ (10k~) 26.4 26.4 2.89 10.5 2.40 
33k~ (10kfD 10.5 8.73 7.26 3.17 - -  
33kf~ (100kl~) 240 13.8 9.57 3.17 - -  
100k~q (100kfl) 3.48 3.48 2.64 1.26 0.166 

measuring systems [24]: the voltage-drop technique for the 0.1 ~ to 100 t2 current measur- 
ing resistors and the virtual-earth technique for the 1 kf~ to 100 kl) current measuring 
resistors. These two systems are discussed in greater detail in the following paragraphs. 
The calculations from the virtual-earth method follow the expected trend, namely that the 
n% box frequency decreases with increasing current measuring resistance. However, the 
calculations from the voltage-drop technique indicate opposite behavior. It is currently 
unclear why the n% box frequencies increase with increasing measuring resistor as a result 
of the voltage-drop technique. 

In the experiments comprising steel exposed to lake water, it was found that artifacts 
occurred down to approximately 100 Hz. The solution resistances for these experiments 
were on the order of 100 l~ to 1 kfL However, Table 5 shows that the potentiostat should 
not contribute below approximately 9.57 kHz assuming the worst case of R':R, .  This 
implies that the cell geometry and reference electrode are contributing significantly below 
10 kHz. 

Potentiostat Modeling--There are several possible non-idealities in potentiostats that 
can contribute to the observed artifacts: (1) the current measuring resistors contain stray 
capacitances, (2) there are capacitances between the signal carrying wire and the driven 
shield, and (3) the voltage measuring devices do not have infinite input impedance. 

The potentiostat in this study uses two different methods of measuring current: the 
voltage-drop method (for 0.1 f~ to 100 f~ current measuring resistors) and the virtual-earth 
method (for 1 k12 to 100 kO current measuring resistors). Both of these methods can 
introduce errors into an impedance measurement because of stray capacitances in the 
measuring resistors. 

Figure 9 shows a schematic of the voltage-drop measuring system. In the voltage-drop 
technique, the test current flows through the measuring resistor, actually a measuring 
impedance (Z . . . .  ), producing a voltage. This voltage is scaled by 1/R . . . .  and output on 
Channel 1. The measured voltage between the reference and working electrodes is output 
on Channel 2. 

The relationships may be summarized as 

Channel 2 = Vtest (3) 
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FIG. 9--Schematic of the voltage-drop measuring system. 

i ~ h a n n e l  1 

Channel 1 - /test x Z . . . .  

Rmeas  

The impedance of the test cell is defined as 

Wtest 
Ztes  t --  

/,o~, 

Channel 2 
Zcalc - 

Channel 1 

Thus, substituting (3), (4) and (5) into (6), 

Zcalc - Vtest 
Channel 1 

~ e s t  Rmeas 
- X - -  

~es t  Z . . . .  

= Ztest  X R . . . .  
Zmeas  

(4) 

(5) 

(6) 

(7) 
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Since Z . . . .  is actually the parallel combination of R . . . .  and C . . . .  then 

Z . . . .  = R . . . .  I IC . . . .  

R m e a s  

1 + floR . . . .  C . . . .  

(8) 

Substituting (7) into (6), 

Z~r = Zt~t(1 + jo)R . . . .  C . . . .  ) (9) 

Therefore, 

Z . . . .  = Ztr  + floR . . . .  C . . . .  Z t e s t  

= Z t e s t  + fioL' 

(lO) 

Thus, the net result of the stray capacitance across the current measuring resistor is to add 
a pseudo-inductance, L' ,  in series with the test element. The magnitude of this inductor is 
R . . . .  Cm~,~Z~s~. 

A schematic of  the virtual-earth measuring arrangement is seen in Fig. 10. If  the op-amp 
in the virtual-earth arrangement was ideal (infinite gain and infinite bandwidth), then this 
arrangement would produce exactly the same pseudo-inductance as the voltage-drop tech- 
nique. In reality, the finite gain-bandwidth product of  the op-amp can introduce additional 
phase-shifts when used in this manner. The virtual-earth measuring apparatus has yet to be 
modeled and will be the subject of future work. 

An additional source of artifacts can originate from the capacitive coupling through the 
coaxial cable between the signal line and the driven shield (see Fig. 11). In an effort to 
reduce the capacitance "seen"  by the signal, the shield surrounding it is driven to the 
same voltage as the line it encases. Since there is no resulting voltage differential across 
the capacitor, no current flows through the capacitor and the signal effectively does not 
" see"  a capacitance. However, the signal that drives the shield passes through a 600 kHz 
low pass filter (240 ns pole) [25] as well as a finite gain-bandwidth amplifier. Therefore, as 
the frequency increases, the voltage applied to the shield can no longer follow the main 

C, hannel 2 
CE Channel 1 

/ ~ - Z ~ - ~ "  R E l ~ a n n e ,  2 1 Z ~ - - - ~  

FIG. 10--Schematic  o f  the virtual-earth measuring system. 
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FIG. 11--Schematic of the signal line~driven shield arrangement. 

signal and the apparent capacitance increases. This effect is difficult to represent in 
equation form, but can be modeled using circuit analysis programs. 

Circuit Modeling of the Potentiostat--There are two major problems with modeling the 
error introduced by the measurement instrumentation. One problem is that, while it is 
possible to create a transfer function for non-ideal op-amps, it is a slow error-prone 
process that has to be repeated each time elements are added or removed from the circuit. 
The other problem is that the circuits involved are typically ladder networks. The imped- 
ances of ladder networks, circuits that do not reduce to a series of nested two-terminal 
elements, cannot be expressed as polynomials or even as ratios of polynomials. Instead, 
the values of the circuit elements can only be found by solving a set of simultaneous 
equations. 

These two difficulties make it necessary to use some sort of circuit modeling program to 
calculate the impedance. PSpice [26], a commercially available program for circuit emula- 
tion, is usable but cumbersome for repetitively evaluating slight changes in a circuit. For 
this project, a more useful program was written that allows both emulation and fitting of 
ladder networks. Both PSpice and the present program solve the circuits by nodal analy- 
sis. Circuit modeling by nodal analysis offers increased flexibility and shortened develop- 
ment time for new models. The price for this flexibility is increased time to calculate the 
impedance for a given set of values. However, given the speed of personal computers and 
their ability to calculate repetitively while unsupervised, the nodal analysis methods are 
superior to other methods for analyzing the present circuit networks. 

A problem that results from the modeling of complex ladder networks is that it is 
impossible to use many of the standard data fitting techniques. Present commercially 
available fitting programs use algorithms that take advantage of the fact that at a local 
minimum, the partial derivative of X 2 with respect to each parameter equals 0 (• is the 
overall fitting parameter). This shortcut allows the routine to quickly move along the error 
surface to a minima. The problem with this method for ladder networks is that the "func- 
tion" that relates experimental parameters to impedance is a set of simultaneous equa- 
tions. This makes it difficult to find the partial derivative. Fortunately, another 
methodology called simplex-fitting routines [27,28] can be used iteratively to handle prob- 
lems of this type. This is the method used in the program written by the authors. 

An internally consistent model (Fig. 12) has been developed that is able to largely 
explain the observed two-electrode impedance behavior for the measuring resistors used 
in conjunction with the voltage-drop technique. The model simulates behavior from 
100 Hz to 200 kHz. It is a goal of future work to model experimental data beyond 
200 kHz. The model of Fig. 12 is able to mimic the behavior while varying only two of the 
many possible non-idealities in the potentiostat. The first parameter is a parasitic capaci- 
tance present in the measuring resistor. This produces an inductive shift and the value 
obtained for that element ( -10 pF) is reasonable. The varied element is the capacitance 

Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



90 ELECTROCHEMICAL IMPEDANCE 

due to the driven shield present on the working electrode lead. The signal driving the 
shield passes through a 660 kHz low pass filter and is driven by an op-amp in the voltage 
follower configuration with a gain-bandwidth product of l06 Hz. The capacitance between 
the driven shield and the line has been modeled as 200 pF. This value may be slightly large 
because the lead itself has only about 50 pF although the rest of the capacitance may 
appear in the connections beyond the lead. 

Figure 12 shows the values obtained for the model of the voltage-drop measuring 
apparatus. It should be noted this model assumes that the test resistor is actually in series 
with a 1 ~H inductor. This is an inductance in addition to the pseudo-inductance L'. 
Although the presence of this inductor makes the model behave according to experimental 
data, there is no physical justification for its presence, 

Figure 13 shows the extremely close fit between the experimental and simulated data. 
These fits are for the model of Fig. 12 wherein only the value of the test resistor and 
measuring resistor were changed between each simulated spectrum. Thus, the element 
values shown in Fig. 12 have been adjusted from the individual fits performed on each of 
the five data sets and have not been optimized for any particular combination of test 
resistor/measuring resistor. These conditions may be overly stringent. It is reasonable to 
allow the parasitic capacitance C . . . .  to vary for different measuring resistors because the 
stray capacitance associated with each physical measuring resistor will be different. Also, 
the values of Cte,t and Ltest may be expected to change slightly for different test resistors. 

Without the incorporation of a model of the potentiostat, it is impossible to adequately 
model any other artifacts. Future research will incorporate the model of Fig. 12 into 
analyses of the effects of the solution resistance, reference electrode and cell geometry on 

A - I .~. I = I # H  

B - Ct, m = l p F  

C - Rte.~ = varied 
/ v .  D - C ~  : 20OpF 

E - Cpa ~ = 240pF 

- -  F - R ~  = l k n  

G - E ~ ,  vm,  
H -  C ~  10pF 

- R m varied 
J - Ro~ 10~ 

K - E~, L V m ,  ~ 

L - C~pea 15.92pH 

" , +  N - E~,,e IOS(V . -V )  
~,_h.annel 2. ~'~v, o-... lO% 

~, 

__ < _  ............... 

FIG. 12--Schematic drawing of  the model used to simulate the behavior of  the voltage- 
drop measuring apparatus. Optimized values of  the elements obtained by computer mod- 
eling are shown at right. 
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FIG. 13--Comparison of  experimental data and simulated data for a 10 f~ test resistor 
and 10 ~ measuring resistor. 

artifacts. By including the model of the potentiostat, modeling of these other artifact 
sources may be performed safely because the deleterious synergistic behavior of artifact 
sources will be incorporated. 

Conclusions 

It is well-documented that EIS experiments in low-conductivity environments can pro- 
duce artifacts. These extraneous phase shifts can obscure experimental data and cloud the 
true interpretation of a spectrum. It is possible to resolve the causes of these artifacts 
using both experimental and mathematical techniques. 

Experiments comprising steel in natural lake water have shown that the solution resist- 
ance within an impedance spectrum may be isolated. The solution resistivity of the lake 
water was changed by the introduction supporting ions and by dilution with distilled 
deionized water. A series of changes in conductivity resulted in the differentiation of 
artifacts from interracial data, allowing the determination of the solution resistance. 

Although it is useful to be able to identify the solution resistance, it is desirable to model 
and thus remove the test artifacts. This would increase confidence that other parts of the 
spectrum have been correctly identified. Tests on simple test cells (e.g., resistors) show 
that the potentiostat and its associated leads introduce artifacts by themselves. Several 
factors, including the magnitude of the resistance being scanned, the measuring resistor 
selected, and the ratio of the impedances R':R,,  have been found to affect the shape of the 
spectrum. 
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The problem of interpreting complex spectra was approached by combining circuit 
modeling by nodal analysis with the simplex method. The simplex method is a powerful 
numerical fitting technique that fits without calculating partial derivatives. This combina- 
tion of approaches offers the advantage of quickly being able to model and fit complex 
circuits of any configuration, including ladder networks. 

The model that was developed was able to accurately reproduce the spectra produced 
for a range of test resistances on two different current measuring resistors that are used in 
a voltage-drop configuration. It is robust for the range of data tested, since small changes 
from the ideal fit for each data set can be tolerated in producing average values for all fits. 
The major problems with the model are the inclusion of an extra 1 ~H inductor in the 
physical test resistor, an inability to account for artifacts appearing above 500 kHz, and 
the non-inclusion of  measuring resistors which are used in a virtual-earth configuration. 

Future work for this project includes modeling of the virtual-earth current measuring 
technique, explaining the higher frequency artifacts, evaluating the accuracy of fitting by 
Monte Carlo methods,  and modeling electrochemical cells by attaching them to the com- 
pleted potentiostat  model. 
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ABSTRACT: The origin of the reversibility of the environmental embrittlement of an Ag-20 
at. % gold alloy in 1 M HC104 has been investigated. The structure of the porous gold layer 
formed on this alloy under potentiostatic polarization has been studied by electrochemical 
impedance spectroscopy (EIS). In the as-dealloyed state, a 50-1~m layer has impedance 
behavior electrically equivalent to a layer containing 1011 cylindrical pores/cm 2 (geometric 
area) each with a radius of 9 nm. Upon aging, the pores closest to the substrate coarsen first, 
destroying the ability of the layer to inject a brittle crack into the uncorroded substrate. This 
change in structure is observable as a change in the low-frequency portion of the impedance 
spectrum. The observed potential dependence of this coarsening indicates that it occurs due 
to surface diffusion of gold atoms. 

KEYWORDS: dealloying, stress-corrosion cracking (SCC), porous electrodes, surface diffu- 
sion, coarsening, film-induced cleavage 

The film-induced cleavage model of stress-corrosion cracking (SCC) predicts an intimate 
connection between environmental cracking and the size of the porosity of a surface film 
[1,2]. According to this model, anodic dissolution can form a nanoporous surface layer 
that has a low fracture toughness. Since many of these layers are dealloyed layers, there is 
a high degree of coherency between the film and the substrate from which it forms. Thus, 
when the dealloyed layer is strained, a crack which forms in the layer can attain sufficient 
velocity to penetrate the underlying substrate for some distance. Since the size scale of the 
porosity controls the mechanical properties of the layer [1,2], it has been proposed that 
allowing these layers to age would destroy their ability to inject a crack into the underlying 
substrate due to an increase in pore size by coarsening. Such aging has been shown to 
reverse the embrittlement in both a-brass [3] and Ag/Au [4], two systems for which 
hydrogen embrittlement can be ruled out on the basis of thermodynamics [5,6]. 

While experimental support for the film-induced cleavage model has been increasing in 
recent years [3,4,7-9], there is a lack of direct evidence of the pore coarsening which is 
proposed to reverse the embrittlement. In most SCC systems, a direct, in-situ measure- 
ment of the porosity is not possible due to the occurrence of faradaic reactions in the 
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potential range of interest. Such a measurement would be extremely useful in determining 
the nature of the process that controls the coarsening, as well as generating direct experi- 
mental evidence of its existence under conditions relevant to SCC. High temperature 
coarsening (200 to 800~ for 10 min) of nanoporous gold sponges (analogous to dealloyed 
layers) has been shown to result in a brittle-to-ductile transition [10,11]. Li and Sieradzki 
completely dealloyed small, three-point bend bars of an Ag-Au alloy, producing a Au-rich 
sponge with extremely fine porosity (approximately 5 nm pore radius). The as-deailoyed 
specimens were then exposed to a range of heat treatments before being mechanically 
tested. These heat treatments allowed the effects of pore coarsening of over an order of 
magnitude to be investigated. The results showed a brittle-to-ductile transition at a pore 
diameter of approximately 50 nm. At pore sizes greater than this, the toughness was 
dramatically higher, while at smaller pore sizes, very little energy was absorbed during 
fracture, i.e., the specimens failed in a brittle manner. While that work supplied strong 
support for the relation between pore size and the mechanical behavior of a dealloyed 
material, it was necessarily done ex-situ. The objective of the present work was to follow 
the coarsening of the dealloyed layers in-situ and to relate changes in the physical struc- 
ture of the layers to the ability of these layers to inject a brittle crack into the underlying, 
uncorroded substrate. 

In Ag/Au alloys, the dealloyed layer is non-faradaic over a wide range of potential. This 
allows electrochemical measurements to be used to probe the surface area distribution as 
well as changes in it. Since the SCC behavior of this system has been previously shown to 
be consistent with the film-induced cleavage model [4], this system provides an opportu- 
nity to investigate the relation between the reversible embrittlement observed and changes 
in the structure of the porosity of the dealloyed layer. 

Theory of Porous Electrode Impedance Measurements 

While there are many electrochemical techniques that are capable of measuring electro- 
chemically active surface area, and thus, indirectly, the degree of porosity of a non- 
faradaic interface, most give only total surface area. No information concerning the pore 
shape or the distribution of pore size can be extracted. Electrochemical impedance spec- 
troscopy (EIS) can probe the dealloyed film and provide information concerning the shape, 
size, and distribution of the porosity. 

deLevie provided the classic description of the impedance of porous electrodes in a 
series of papers [12-14]. More recently, Candy et al. [15] developed an analysis for the 
impedance of a set of N right cylindrical pores whose wails and bases are non-faradaic. 
They were able to derive a relation which allows the estimation of a set of equivalent 
cylindrical pore parameters for porous electrodes from impedance measurements. The 
basis for these calculations is the recognition that a number of the parameters of the pore 
system affect the measurement; pore depth and length, pore solution conductivity, and 
pore interfaciai impedance all affect the impedance with which the measurement signal 
interacts. For example, an excitation signal of a given frequency penetrates to a greater 
and greater depth of the pore for wider pores or in solutions of higher conductivity. 
deLevie showed that this geometry results in the measured impedance being equal to VZ,  
where Z, is the impedance of the flat interface [12-15]. For non-faradaic, right cylindrical 
surfaces, this results in a line in the complex plane plot at 45 ~ with respect to the real axis. 
At a critical frequency (o~cat), the excitation signal just reaches the bottom of the pore and 
the entire surface area of the porous electrode is sensed. Further lowering of the frequency 
results in an increase in impedance characteristic of a purely capacitive interface, but no 
increase in the amount of sensed surface area. This results in a vertical line in the complex 
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plane. Thus, at tOcn,, a singularity occurs. At this frequency, the pore solution resistance 
(Rpore) equals the capacitive impedance of the total surface area (IZ, c,o,I). Therefore, at tocn, 

pl (1) 
Rpore - 3N.irr2por e 

i~.C,o, I = 1 (2) 
2Noocritrpore ~ l C  dt 

where 

g p o r e  
p =  
I =  

N =  
r p o r e  = 

IZctotl 
(tlcrlt  = 

total resistance of the electrolyte in the pores, II, 
solution resistivity, ft-cm, 
length of  pore, cm, 
number of  pores, 
radius of pore, cm, 
capacitive impedance of the porous layer, 1"1, 
critical frequency, rad s - t ,  and 
specific interfacial capacitance, F /cm-L 

Therefore, upon rearrangement 

212 C d~c 'P (3) 
r p ~  - -  3 

and 

1 
N = (4) 

41r lC a, lZ( (o )lo~rpor~ 

Thus, measurements of {l)crit and IZctotl allow an estimation of the equivalent cylindrical 
pore parameters for a dealloyed layer whose potential is in the non-faradaic region. In 
addition, the shape of  the high-frequency portion of the complex plane has been shown to 
be characteristic of  the structure of the pores, with more re-entrant pores exhibiting more 
of a pseudo-charge transfer resistance [16]. It is also possible to ascribe portions of the 
impedance spectrum to portions of  the porous layer based upon the frequency, with lower 
frequencies corresponding to regions closer to the porous film/substrate interface. This can 
be of great importance for pore structures that change with distance from the bulk 
solution/layer interface. 

Experimental  

Materials and Specimen Preparation 

The material used for this investigation was an Ag-20 at.% Au alloy supplied by John- 
son-Matthey, plc (Hertfordshire, United Kingdom). The ingot was homogenized and 
rolled to a thickness of 0.5 mm. For the electrochemical tests, specimens of 2 mm by 
2 mm were cut and small holes were added for electrical connection to a Pt wire. For the 
mechanical testing, small three-point bend bars were cut with a width of 3 mm. Both types 
of specimen were polished lightly with 4000 grit abrasive paper, and rinsed in deionized 
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water, acetone, and finally methanol before annealing for 1 h at 900~ in air, followed by 
air cooling. The resultant grains were essentially equiaxed and approximately 30 Ixm in 
diameter. After annealing, each specimen was rinsed again in methanol, and all but 
0.04 cm 2 (one side) was insulated with lacquer. All tests were performed in perchloric acid 
solutions of either 1 M, 50 mM or 10 mM concentration at room temperature or 70~ The 
electrochemical tests were conducted in HCIO4 solutions that had been deaerated for at 
least 2 h with nitrogen. A standard three-electrode arrangement was used. In most cases, a 
saturated calomel electrode (SCE) was in a separate compartment and was connected to 
the test cell via a Luggin capillary, In cases where this arrangement might have interfered 
with the measurement due to frequency response limitations, the SCE was moved into the 
test cell for the measurement.  

Testing Methods 

Dealloying was accomplished by potentiostatically holding the specimen at + 1.05 
V(SCE). This results in perfectly selective oxidation of silver as the reversible potential for 
gold oxidation is well above this potential in this solution. The thickness of the dealloyed 
layers so formed was estimated based upon the charge passed. Thickness for the thicker 
films was correlated to the charge passed by examination of fractured specimens in a 
scanning electron microscope. 

The mechanical tests involved growing a dealloyed layer on the three-point bend bar 
while it was under zero stress and then rapidly (> 100%/s) straining it in a single shot to a 
permanent deformation of  over 45 ~ . Recent work [3,4] has shown the benefits of rapidly 
straining thin foils in order to test the applicability of different SCC models. The key 
aspect  of these experiments is the decoupling of the stress from the corrosion. Once 
hydrogen embritt lement is excluded [5,6], the only model that is consistent with the 
formation of  a crack in the absence of dissolution is the film-induced cleavage model. By 
introducing the stress in a "single-shot"  manner, other SCC mechanisms are not rapid 
enough to account for any observed cracking. Other experimental details of work showing 
the applicability of  the film-induced cleavage model to the SCC of Ag/Au have appeared 
elsewhere [4]. In some experiments,  the dealloyed layer was allowed to age at room 
temperature or 70~ in-situ for up to 6 h before the single-shot straining was imposed. For  
the specimens to be aged for long periods at 70~ the potential was stepped to +0.7 
V(SCE) after completion of the dealloying and held there for 1 min to prevent plating of 
silver. The effects of aging were studied when allowed to occur under both open circuit 
conditions and when holding the specimen potentiostatically at various potentials in the 
non-faradaic region. Under  these conditions, no dissolution can occur. 

One of  the goals of  this work was to study the changes in the nature of the porosity of 
dealloyed layers during aging. An advantage of working with noble metal alloys is the 
existence of a wide non-faradaic region of potential. This allows for the probing of the 
surface area with electrochemical methods; the interface behaves as a pure capacitor over 
a wide range of  frequencies. Three types of electrochemical methods were used to evalu- 
ate the surface area of the dealloyed layers and how it changed with time: potential steps, 
potential triangle waves,  and EIS. Potential steps from 0 V(SCE) to +0.05 V(SCE) were 
applied and the current recorded. Some measurements were made at other potentials, but 
all were in the non-faradaic region and were 50 mV in amplitude. The integration of the 
current waveform yielded a measure of the capacitive charge at the interface. By compar- 
ing these measurements to those made on smooth electrodes, changes in surface area 
could be easily calculated. For  purely capacitive interfaces, a potential triangle requires 
the imposition of  a current square wave whose magnitude is directly proportional to the 
surface area. Triangular waveforms of 50 mV peak to peak and a period of 4 s were used 
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to follow the initial coarsening (10 to 1000 s) at different potentials. EIS was performed in 
order to probe the structure of the dealloyed layer, and was also used as an additional 
method to measure the total active surface area by measurement of the low-frequency 
capacitance. Impedance measurements were made from 20 kHz to l0 mHz using an ampli- 
tude of 10 mV rms and a dc potential of 0 V(SCE). A Solartron 1250 Frequency Response 
Analyzer was coupled to a Sycopel Ministat potentiostat for these measurements. 

Results 

Mechanical Tests 

Typical results of the mechanical tests are shown in Figs. 1 and 2. Figure 1 shows a 
metallographic cross-section of a specimen that was rapidly strained immediately after 
growth of  the dealloyed layer. The brittle dealloyed layer cracked in many places, and in 
two, the cracks extended into the bulk, undealloyed material for distances of over 60 ixm. 
Figure 2 shows a cross-section of  a similar specimen for which the layer was allowed to 
age for 4 min under open circuit conditions. While the layer still fractures in a macroscopi- 
cally brittle manner, no cracks are able to propagate past the dealloyed layer. Many other 
experiments were performed in order to demonstrate that when cracking did occur it took 
place during the application of the single-shot strain and these have been presented in 
detail elsewhere [4]. Figure 3 shows that this brittle-to-ductile transition takes time to 
occur. If  specimens were strained within 1 min after the layer was grown and the 
dealloying potential was removed, cracks propagated past the dealloyed layer (labeled as 
filled circles). However, longer term open circuit decays resulted in no cracking past the 
dealloyed layer (labeled as an open circle). Table 1 shows the results of tests performed 
with the specimen held at constant potential during aging after growth of a dealloyed layer 
approximately 5 ixm thick. In these tests, the potential was stepped from the dealloying 
potential of + 1.05 V(SCE) to the coarsening potential. 

In order to evaluate this brittle-to-ductile transition in more depth, a series of experi- 
ments were conducted to determine the time to the transition at constant potential. Table 2 
shows these results. At 0 V(SCE), the brittle-to-ductile transition begins to occur within 

FIG. 1--Metallographic section of 0.5 mm sheet specimen of an 80Ag-2OAu alloy 
strained rapidly after growing a 20-~m-dealloyed layer. The dealloyed layer is at the top, 
and cracks which propagate well past the dealloyed layer can be seen. Also, note the 
preferential attack of  the dealloying at the grain boundaries. Dealloying performed at 
+ 1.05 V(SCE) in 1 M HCI04. 
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FIG. 2--Metallographic section of  0.5 mm sheet specimen of an 80Ag-2OAu alloy 
strained after allowing the sample to age at room temperature in air for 5 min. Note the 
many cracks in the dealloyed layer, but none propagate into the bulk material. Dealloying 
performed at + 1.05 V(SCE) in I M [ICI04. 
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FIG. 3--Potential decay transient obtained after removing applied potential (+ 1.05 
V(SCE)) from an 80Ag-2OAu alloy. Specimens were stressed rapidly to failure at the 
indicated points and the type of  fracture was determined by examination in the SEM. 

15 rain, but is not complete for 3 h. At +0.6 V(SCE), some brittle fracture also remains 
for at least 1 h. More testing is presently underway to more accurately define the beginning 
of the transition under potentiostatic conditions and will be reported later [17]. 

Electrochemical Tests 

The complex plane plot of a flat Ag-Au electrode in deaerated 10 mM HC104 at 0 
V(SCE) is shown in Fig. 4. Over the frequency range of interest (10 mHz to 1 kHz), no 
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TABLE l--Fracture mode results o f  potentiostatic coarsening mechanical tests on 25-~m-thick 
80Ag-2OAu alloy specimens with five ~m dealloyed layers at room temperature. Dealloying 

performed at + 1.05 V(SCE) in 1 M HCI04. 

Coarsening 
Potential Coarsening Fracture 

Test No. (V versus SCE) Time, min Mode" 

1 + 0.75 I I 
2 +0. I 1 I 
3 + 0.75 5 I 
4 +0.1 5 I 
5 +0.1 100 I/D 

"I = intergranular fracture; I/D = mixture of intergranular and ductile fracture. 

TABLE 2wFracture mode" results of  potentiostatic coarsening mechanical tests for 25-1xm-thick 
80Ag-2OAu alloy specimens with five p.m dealloyed layers at room temperature. Dealloying 

performed at + 1.05 V(SCE) in 1 M HCI04. Specimens were coarsened at 70~ 

Coarsening Time, h 

Potential, 
V(SCE) 0 0.25 1 2 3 4 6 

0 I 1/13 1/13 I/D D D 
+0.6 I I/D D D 

aI = intergranular fracture; I/D = mixture of intergranular and ductile fracture; D = ductile. 

faradaic processes are seen; the interface behaves as a pure capacitor. A specific capaci- 
tance of 8 ~F/cm 2 can be calculated that is slightly ( _  10%) frequency dependent.  Figure 5 
shows the spectrum generated for a specimen with a 50-~m-thick dealloyed layer. While 
the low-frequency portion (<0.08 Hz) is similar in form to that of the flat electrode, it 
represents a much larger surface area, as shown in a comparison of the impedance magni- 
tude plots of the two specimens of the same apparent surface area (Fig. 6). The specimen 
with the dealloyed layer has the purely capacitive portion of the spectrum shifted to much 
lower frequencies, characteristic of a large capacitance. The most dramatic differences in 
the spectra appear  between 0.08 Hz and 20 kHz. The electrode with a dealloyed layer 
shows a dispersion in the impedance due to the physical structure of the layer. As dis- 
cussed earlier, the combination of the resistivity of the solution, the structure of the pore 
(length and radius) and the specific double layer capacitance of  the interface determine the 
degree of dispersion of  the impedance according to Eqs 3 and 4. The character of the 
dispersion contains information about the details of the porous structure. 

If the dealloyed layer is allowed to coarsen at elevated temperature (in air at 400~ for 
1 h), a marked change in the structure of the porous layer occurs as revealed by the 
complex plane plot shown in Fig. 7. While there appears to be little change in the high- 
frequency portion of the plot, a striking change in the 0.08 to 5 Hz region occurs. This 
portion of the complex plane plot is much more vertical in the aged specimen, as can be 
easily seen in Fig. 7b. The shift in the high-frequency intercept for the two spectra is due to 
a slightly different solution resistance due to a slight change in specimen to reference 
electrode distance upon reintroduction of the specimen into the electrochemical cell after 
aging. 
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FIG. 4--Complex impedance plot of  a smooth gold wire in 10 mM HCIO~ at 0 V(SCE). 

A similar change in the complex plane plot occurs during aging in solution at 70~ and 0 
V(SCE). Figure 8 shows the progression in the low-frequency portion of the plot with time 
to a higher and higher degree of verticality (see Fig. 8b). The loss of total surface area that 
occurs during this coarsening can be most easily seen in Fig. 9 in which the effects of the 
potential at which the coarsening was allowed to occur are illustrated. These results are 
from the potential step experiments. The logarithm of the ratio of the charge under the 
current transient measured at time t = 0 to that measured at time t is plotted as a function 
of the logarithm of the coarsening time. At the three lower potentials (0, +0.45 and +0.6 
V(SCE)), the degree of  coarsening is similar, with about 70% of the original area of the 
dealloyed layer being lost over 55 h. At the higher potential of +0.75 V(SCE), the 
coarsening is much faster. The slopes of the lines indicate that the coarsening has a t ~/4 
time dependence. 

Figure 10 compares the results of coarsening measurements made early on in the 
coarsening process for a variety of potentials between -0 .1  V and +0.5 V(SCE). These 
measurements were made by the application of a potential triangle wave, which, for a 
purely capacitive interface, results in a square current wave. The large increase in the rate 
of coarsening at + 0.5 V(SCE) is apparent. 
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measured at 0 V(SCE) in I0 mM HCI04. 

Estimations of the effective cylindrical pore parameters (radius and number) for the 
different aging treatments can be made based upon the work of Candy et al. [15] and are 
shown in Table 3. While the coarsening at 70~ has no discernible effect on either 
parameter,  the specimen coarsened at 400~ for 1 h shows both a large increase in rporo and 
a large decrease in N. 

Discuss ion  

Mechanical Test Results 

A series of  recent publications [1-4] has shown that normally ductile materials such as 
a-brass  [3] and Ag-Au [4] can be made to undergo brittle cracking when a nanoporous, 
dealloyed layer is present. In order for this cracking to occur, the layer must not be 
allowed to age excessively,  even at room temperature; otherwise, the embrittlement is 
reversed. Hydrogen embritt lement can be ruled out for both systems on the basis of 
thermodynamic calculations [5,6]. By showing that this cracking can occur under condi- 
tions of rapid straining in addition to slow strain rate conditions, models based upon 
anodic dissolution, including surface diffusion models, have been shown to be inappropri- 
ate for explaining the cracking phenomenology in these systems. Calculations have shown 
that no dissolution-based model can explain either the observed crack velocities or the 
reversibility of the embritt lement [4]. This is particularly true for the cracking observed at 
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potentials where there is no faradaic reaction. A film-induced cleavage model is, however, 
consistent with all of the experimental results. 

One of the cornerstones of the film-induced cleavage model is the prediction that only 
nanoporous surface layers would have the combination of a low strain-to-failure and 
intimate connection to the substrate that is required for a brittle crack to propagate into a 
ductile substrate [1,2]. Dealloyed layers can meet these criteria when they are formed. 
However, such as-dealloyed layers experience an extremely large driving force for surface 
rearrangement due to their very large surface areas. Thus, if experimental conditions were 
to allow for the dealloyed layer porosity to coarsen before the imposition of the stress, no 
crack extension past the boundary of the dealloyed layer would be predicted to occur. One 
of the advantages of the rapid foil testing used in the present investigation is the opportu- 
nity to implement different aging treatments and observe the effects on the cracking 
behavior for a single cracking event. In slow strain rate testing, the constantly increasing 
stress usually prevents sufficient time for this coarsening to occur at the crack tip; the 
cracking rate is controlled by the time it takes the dealloyed layer to form to the critical 
thickness at the crack tip. Once again, it should be emphasized that, once hydrogen 
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embrittlement is excluded, no other theory of SCC would predict a reversibility in the 
embrittlement. 

Thus, one key to understanding the physical origin of film-induced cleavage is under- 
standing the cause of the reversibility of the embrittlement, For hydrogen embrittlement, 
reversibility has been ascribed to diffusion of hydrogen either out of the specimen (for 
high-temperature treatments [10,11]) or diffusion to less deleterious sites at more moderate 
temperatures (i.e., a more even distribution throughout the test specimen). These sugges- 
tions have been supported by high-temperature baking combined with detection of the 
escaping hydrogen by mass spectrometry [18]. For aging dealloyed layers, the evidence to 
this point has been less direct. For example, it has been shown [3,4] that by immediately 
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plunging specimens with freshly-dealloyed surfaces into liquid nitrogen, brittle cracking of 
these FCC alloys can occur. This has been ascribed to the prevention of layer coarsening 
by surface diffusion at 77 K. As previously discussed, a brittle-to-ductile transition can be 
observed in bulk samples after ex-situ treatments [10,11] as well as in-situ at constant 
potential (Table 2). However, more direct measurements of the changes in the pore size 
under in-situ conditions would provide stronger evidence for a link between the pore 
coarsening and the brittle crack advance. 

Such coarsening would have to be able to occur rapidly at room temperature in order to 
explain the results shown in Figs. 1 and 2; bulk diffusion of silver (or gold) would not be 
nearly rapid enough to cause sufficient coarsening at such a low value of the homologous 
temperature. Thus, surface diffusion would appear to provide the most plausible explana- 
tion. Surface diffusion of metals in solution is known to be potential dependent though not 
smoothly so [18,19], with the reasons for this being a topic of some debate. Kolb [18] has 
shown that gold surface diffusion occurs faster at higher potentials in HCIO4, with very 
slow coarsening occurring at potentials below which specific adsorption of different anions 
occurs. This appears to be the case in the present study as well. The results shown in Figs. 
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(filled diamonds) at 70~ and 0 V(SCE) in 1 M HCI04. Note the change in the low- 
frequency portion of  the plot. (b) Complex impedance plot of the layer after 48 h at 70~ 
and 0 V(SCE) in I M HCI04 showing the high degree of verticality of plot even at very low 
frequencies. All spectra measured at 0 V(SCE) in 10 mM HCI04. 
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3 and 9 support this when combined with those displayed in Table 1. Figure 3 shows that 
as the potential falls below + 0.7 V(SCE) after approximately 4 min at open circuit, the 
layer loses its ability to inject a crack into the substrate. If  this were simply a time effect, 
then Tests 2 and 4 in Table 1 would have shown no crack extension past the dealloyed 
layer. However,  the potential steps that were used in the tests in Table 1 freeze the 
porosity in its as-deaUoyed state. At these lower potentials, the coarsening occurs slowly, 
and the layer retains its ability to inject a brittle crack into the uncorroded substrate for 
extended periods of time. For  the experiments whose results are shown in Fig. 3, the 
specimens were allowed to spend a significant amount of time at a higher potential. 

Figure 1 and Table 2 both demonstrate that when the specimen remains in solution, the 
brittle-to-ductile transition takes time to occur. That is, while the embrittlement is revers- 
ible, the kinetics of the recovery are slow and affected by the presence of solution, 
temperature,  and potential,  as one would expect for a process controlled by surface 
diffusion. 
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that at t = O(Qo) versus the logarithm of  time for specimens held potentiostatically at the 
potentials indicated. The charge is directly proportional to the total active surface area of 
the electrode. Measurements made in I M HCIO~ at 0 V(SCE). 

Electrochemical Results 

The impedance results lend insights into details of the dealloying process and the nature 
of the porosity that the dealloying produces. Using Eqs 3 and 4, along with the impedance 
data from dealloyed samples, an estimate can be made of the equivalent cylindrical pore 
parameters.  As previously discussed, this analysis results in a description of a set of N 
parallel pores,  each with a radius of ro . . . .  and a length l (taken as the thickness of the 
dealloyed layer, 50 p.m). For  as-dealloyed specimens, this results in approximately 10" 
pores/cm 2 of 9-nm-radius. The dealloying process is able to produce such a fine porosity 
due to its high selectivity; all of the silver atoms are removable,  while the gold atoms are 
inert. Since the alloy is 80 at.% Ag, the result of the selective removal of the silver is a fine 
network of  gold ligaments which experience a large driving force for surface rearrange- 
ment. 

As discussed earlier and elsewhere [12-15], uniform, cylindrical pores whose surfaces 
are under non-faradaic conditions will exhibit a single line in the complex plane at frequen- 
cies above f* which will be at 45 ~ to both axes. The more re-entrant the pores, the more 
the locus of the complex plane impedance plot will deviate from the 45 ~ phase angle, and 
will begin to resemble a relaxation due to a faradaic process. The frequency at which the 
relaxation due to a set of  pores appears depends upon their distance from the outer surface 
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electrode. These measurements were made by applying a potential triangle waveform and 
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and the tortuosity of the path to the bulk solution. The nonuniform porosity of the 
dealloyed layer manifests itself in a three-stage dispersion of the impedance. Figure 5 
shows two relaxations at high frequency, possibly due to two populations of pore sizes, 
with the one closer to the outer surface having a relaxation at higher frequencies. The near 
semicircular shape of these features indicate that the outer pores are (or behave as if they 
are) somewhat re-entrant. Impedance data generated at other potentials in the non- 

TABLE 3--Effects of coarsening on the equivalent cylindrical pore parameters of dealloyed layers 
on 80Ag-2OAu alloy specimens. All specimens were 500 ~m thick and had dealloyed layers of 50- 
~m-thickness, which was the value used in the calculations of the pore parameters as the length. 

DeaUoying performed at + 1.05 V(SCE) in 1 M HCI04. 

Treatment f* (Hz) rpore (rim) N, (x 10" pores/cm 2) 

70~ = 0 3.72 9 2.7 
70~ = 6 h 3.72 9 2.3 
70~ = 48 h 2.6 6 2.5 
400~ = 0 5.1 12 2.4 
400~ = 1 h 25.8 61 0.022 
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faradaic region showed no voltage dependence for these features, pointing once again to a 
geometric origin. The residual dc current under these conditions (<1 ~A/cm 2 based on 
geometric area) also indicates that any faradaic process that is occurring is doing so at a 
slow rate and would, therefore, exhibit a much larger impedance than the 75 II-cm 2 
measured for these features. The use of  the dealloyed layer thickness (50 Ixm) as the pore 
length may be questioned for such tortuous pores. However, the aim of the modeling is to 
represent the dealloyed layer in terms of an electrode containing cylindrical pores. This 
approach allows the effects of experimental conditions imposed after the layer is formed to 
be studied. Since none of these experimental conditions changed the thickness of the 
dealloyed layer, the use of the thickness of the dealloyed layer as the length of the 
equivalent cylindrical pore appears to be reasonable. 

The second stage of the frequency dispersion occurs in the range of 100 to 50 mHz and 
corresponds to the beginning of the near vertical section of the plot. For ideaUy flat 
capacitive interfaces, this section is truly vertical. Well-coarsened dealloyed layers show 
such behavior at low frequencies as shown in Fig. 7b. For as-dealloyed layers (Fig. 5) and 
slightly coarsened layers (Fig. 8), this region is not quite vertical. If  this were due to a slow 
faradaic process, it would continue to lower frequencies and would be unaffected by aging. 
However, at lower frequencies, the plot does indeed become more vertical (Fig. 5), and 
the feature is strongly affected, even by low-temperature aging (Fig. 8). The finest pores 
would be found at the dealloying front; the region closest to the interface of the dealloyed 
layer with the underlying substrate contains the most recently formed pores. These pores 
would therefore manifest themselves in the impedance measurement at lower frequencies 
than pores in the bulk of  the dealloyed layer that are closer to the interface of the layer 
with the bulk electrolyte. While the small radius of these pores would lead to a high pore 
impedance, they would have the highest driving force for coarsening due to their high 
surface area-to-volume ratio. Thus, they would be the pores most likely to coarsen under 
mild aging conditions where no new dealloying was occurring. 

At the lowest frequencies (<50 mHz), the interface behaves identically to a fiat, non- 
faradaic electrode with an extremely large surface area. For example, the low-frequency 
data from the as-dealloyed specimen shown in Fig. 7 represents a capacitance of  0.16 F/ 
cm 2 of geometric area. This represents an active surface area of approximately 20 000 c m  2 

per cm 2 of geometric area based on the specific capacitance of 8 i ~ F / c m  2 measured on a 
gold wire in the same solution. These extremely high surface areas are the result of the 
efficiency of  the dealloying process in removing the silver from this 80 at.% Ag alloy. The 
resultant network of extremely fine gold ligaments, while space-filling, consists of over 10" 
pores per cm 2. A separation of this effect from pseudo-capacitances due to residual oxygen 
reduction is possible from analysis of the phase angle of the impedance with frequency. In 
these solutions, the phase angle, adjusted for the shift due to the pore impedance, re- 
mained constant at 83 - 3 ~ from 1 Hz down to 10 mHz for well-coarsened layers (70~ for 
48 h, Fig. 8b). Below this, indications of the presence of a very slow faradaic process start 
to become apparent. Estimates of  the reaction resistance for this process (thought to be 
reduction of trace oxygen) gives a value of 20 k fl-cm 2. This further supports the assertion 
above that the higher frequency structure in the complex plane plot is due to the geometry 
of the pores, and not the relaxation of a faradaic reaction. 

During coarsening, it would be expected that the majority of the change occurs in the 
finest pores. These pores would have the highest driving force for the coarsening, which 
would allow them to reduce their surface energy through a reduction in their surface area. 
Both aging treatments cause a major change in the middle frequency portion (50 to 
100 mHz) of the complex plane plot, as shown by Figs. 7 and 8 and Table 3. This change is 
gradual for lower temperature aging treatments, as shown in Fig. 8. The results shown in 
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Table 3 illustrates that 70~ aging in solution has little effect on the average pore parame- 
ters because the finest pores make up a small fraction of the total surface area of the 50- 
~m-thick layer. However, their effect on the middle-frequency range data is apparent in 
both Figs. 7 and 8. The higher temperature aging affects both the finest pores (Fig. 7) and 
the larger pores (Table 3). While the effects on the larger pores (note these "large" pores 
are still <100 nm radius) is apparent in Table 3, these changes are still subtle in Fig. 7. 
Longer coarsening times or higher coarsening temperatures, or both, do make observable 
changes in the complex plane plots, though the qualitative appearance of the plots re- 
mains. This is not surprising in light of the self-similar coarsening noted by Li and 
Sieradzki [10,11] during high-temperature aging of completely dealloyed bars. The finest 
pores close to the interface are expected to be the most important in terms of the film- 
induced cleavage model [1,2,4]. It is the condition of these pores that determines whether 
or not a crack formed in the dealloyed layer continues into the substrate. If they are 
extremely small and have an intimate connection with the substrate, then brittle cracks 
formed in the layer during straining would be able to continue into the bulk. Such a 
condition can occur most easily during slow dealloying at a crack tip. When the layer 
reaches a critical thickness for the applied stress, the layer cracks and the crack penetrates 
some distance into the substrate. However, if these extremely fine pores are allowed to 
coarsen, they lose this ability to transmit the crack. 

The potential dependence of the coarsening as shown in Figs. 9 and 10 indicates that it is 
clearly not associated with bulk phenomena. Surface diffusion rates are, however, poten- 
tial dependent [19-21] and have been measured to be as high as 2.5 x 10 -3 cm 2 s -1 [21] for 
bulk gold samples. In cases where the surface diffusion is assisted by anion adsorption, 
such as gold in sulfate solution, higher potentials lead to higher rates [20]. The surface 
diffusion rate is not linear with potential; below the adsorption potential for the anion, the 
rate is low and relatively insensitive to potential, while above the potential of adsorption, 
the rate increases dramatically. In the present case, the perchlorate anion may assist in the 
surface diffusion, as may residual chloride, above +0.7 V(SCE). Thus, open circuit 
potential decays, which spend approximately 3 min above + 0.7 V(SCE), have sufficient 
time at a high enough potential to coarsen the layer sufficiently to remove its ability to 
inject a crack. Potential steps from the dealloying potential to a potential in the non- 
faradaic region are capable of retarding the surface diffusion process, and thereby preserve 
the fine porosity necessary for brittle cracking. Other methods of preventing surface diffu- 
sion, such as quickly cooling the specimen in liquid nitrogen before fracturing, are also 
effective in maintaining the layer's ability to inject a brittle crack into the underlying FCC 
material [3,4]. 

Summary and Conclusions 

(1) The coarsening of dealloyed layers controls the ability of these layers to inject brittle 
cracks into the underlying substrate. 

(2) This coarsening can be followed in situ in detail through the use of electrochemical 
measurements. 

(3) The impedance measurements indicate that the pores in the outer portion of the layer 
are re-entrant. In addition, the finest pores, which are closest to the substrate, are the most 
sensitive to coarsening. 

(4) The potential and time dependence of the coarsening implies that the controlling 
process is surface diffusion of gold atoms. 
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ABSTRACT: The Kramers-Kronig equations and the current methods used to apply them to 
electrochemical impedance spectra are reviewed. Measurement models are introduced as a 
tool for identification of the frequency-dependent error structure of impedance data and for 
evaluating the consistency of the data with the Kramers-Kronig relations. Through the use of 
a measurement model, experimental data can be checked for consistency with the Kramers- 
Kronig relations without explicit integration of the Kramers-Kronig relations; therefore, 
inaccuracies associated with extrapolation of an incomplete frequency spectrum are re- 
solved. The measurement model can be used to determine whether the residual errors in the 
regression are due to an inadequate model, failure of data to conform to the Kramers-Kronig 
assumptions, or noise. 

KEYWORDS: Kramers-Kronig relations, impedance spectroscopy, error structure, mea- 
surement models, deconvolution 

In principle, the Kramers-Kronig relations can be used to determine whether the imped- 
ance spectrum of a given system has been influenced by time-dependent phenomena. 
Although this information is critical to the analysis of impedance data, the Kramers- 
Kronig relations have not found widespread use in the analysis and interpretation of 
electrochemical impedance spectroscopy data due to difficulties with their application. 
The integral relations require data for frequencies ranging from zero to infinity, but the 
experimental frequency range is often constrained by instrumental limitations or by noise 
attributable to the instability of the electrode. 

The Kramers-Kronig relations have been applied to electrochemical systems by direct 
integration of the equations, experimental observation of stability and linearity, or 
regression of electrical circuit models to the data. Each of these approaches has its 
advantages and disadvantages. This paper will review the Kramers-Kronig equations and 
the methods used to apply them to electrochemical impedance spectra. This paper will 
then suggest that the disadvantages associated with current methods used to check experi- 
mental data for consistency with the Kramers-Kronig relations can be circumvented by 
application of measurement models to impedance spectra. 
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Florida, Gainesville, FL 32611. 

2professor, Department of Chemical Engineering, University of South Florida, Tampa, FL 33620. 

115 
Copyright �9 1993by ASTM International www.astm.org 
Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



116 ELECTROCHEMICAL IMPEDANCE 

The Kramers-Kronig Relations 

The Kramers-Kronig relations, developed for the field of optics, are integral equations 
which constrain the real and imaginary components of complex quantities for systems that 
satisfy conditions of causality, linearity, and stability [1-4]. Bode [5] extended the concept 
to electrical impedance and tabulated various forms of the Kramers-Kronig relations. 
Several transformations used in the electrochemical literature are shown. The imaginary 
part of the impedance can be obtained from the real part of the impedance spectrum 
through 

z , t t o ) = - ( ~ )  fo ~z'(x) -x2 w2Z'(to)dx, (1) 

where Z,(to) and Z,(to) are the real and imaginary components of the impedance as func- 
tions of frequency to. The real part of the impedance spectrum can be obtained from the 
imaginary part through 

2 fo~x Z'(x) - ~,-fi'(to) dx, z,(to) = z,(~) + -~ x2 (2) 

if the high-frequency asymptote for the real part of the impedance is known, and through 

Z~(to) = Z,(O) + 2_~_O, rr fo = x/toZ,(x)._~____w Z,(to) dx (3) 

if the zero-frequency asymptote for the real part of the impedance is known. A relationship 
between the phase angle ~b(to) and modulus IZ(to)[ is also available, e.g., 

~b(to) = 2__~_~ f= In (IZ(x) I dx 
'n" J O  X 2 - -  W 2 

(4) 

In response to the integration limits, a fourth constraint, which the impedance approaches 
finite values at frequency limits of zero and infinity, is commonly added. This constraint, 
sometimes claimed to prevent application of the Kramers-Kronig relations to capacitive 
systems, is in fact not needed because a simple variable substitution [5] can be used if the 
imaginary part of the impedance tends to infinity according to 1/to as to ~ too (see also Ref 
6). 

Review of Methods for Determining Consistency with the Kramers-Kronig Relations 

The usual approach in interpreting impedance spectra is to regress a model to the data. 
The models employed are typically linear and assume conditions of a sinusoidal steady 
state. It is important, therefore, that the impedance response be characteristic of a system 
that is causal, linear, and stable. The condition of linearity can be achieved by using 
sufficiently small amplitude perturbations. The condition of stability requires that the sys- 
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tem return to its original condition when the perturbing signal is terminated. An additional 
implied constraint of stationary behavior may be difficult to achieve in electrochemical 
systems (such as corrosion) where the electrode may change significantly during the time 
required to collect impedance data. It is therefore of practical importance to the experi- 
mentalist to know whether the data taken do in fact satisfy the Kramers-Kronig relations. 
The approaches taken to ascertain the degree of consistency include direct integration of 
the Kramers-Kronig relations, experimental replication of data, and regression of electri- 
cal circuit analogues to the data. 

Direct  Integrat ion o f  Kramers-Kronig  Relat ions 

The Kramers-Kronig relations provide a unique transformation that can be used to 
predict one component of the impedance if the other is known over the frequency limits of 
zero to infinity. The usual way of using the Kramers-Kronig equations, therefore, is to 
calculate the imaginary component of impedance from the measured real component 
using, for example, Eq 1, and to compare the values obtained to the experimental imagi- 
nary component. Alternatively, the real component of impedance can be calculated from 
the measured imaginary values using Eqs 2 or 3. The major difficulty in applying this 
approach is that the measured frequency range may not be sufficient to allow integration 
over the frequency limits of zero to infinity. Therefore, discrepancies between experimen- 
tal data and the impedance component predicted through application of the Kramers- 
Kronig relations could be attributed to use of a frequency domain that is too narrow as 
well as to failure to satisfy the constraints of the Kramers-Kronig equations. The Kramers- 
Kronig relations can, in principle, be applied with a suitable extrapolation of the data into 
the unmeasured frequency domain. Several methods for extrapolation have appeared in 
the electrochemical literature. 

Kendig and Mansfeld [7] proposed extrapolating an impedance spectrum into the low- 
frequency domain under the assumption that the imaginary impedance is symmetric, thus, 
the polarization resistance Rp, otherwise obtained from 

Rp = Zr(oo) - Zr(O) = -~ JO L - - ~ ' - J  dx (5) 

would be obtained from 

= - -  ZX0) = f o. 'X (6) 

where tOm~ is the frequency at which the maximum in the imaginary impedance is ob- 
served. This approach is limited to systems which can be modeled by a single relaxation 
time constant [8,9]. The limitation to a single time constant is severe because multiple 
elementary processes with different characteristic time constants are usually observed in 
electrochemical impedance spectra. 

Macdonald and Urquidi-Macdonald [8] have presented an approach based on 
extrapolating polynomials fit to the data. The experimental frequency domain was divided 
into several segments, and the individual impedance components Z,(o) and Z,(co) were 
fitted to a polynomial expression given by 
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Z~ = ~] ako~ k (7) 
k = O  

and 

Zi = ~ a~tO ~ (8) 
k = O  

which was extrapolated into the unmeasured frequency domain. The Kramers-Kronig 
equation (e.g., Eq 1 or 3) was integrated numerically using the extrapolated piece-wise 
polynomial fit for either the real or the imaginary component of the impedance, respec- 
tively [10,11,12]. While the extrapolation algorithm was applied successfully to a variety of 
systems (including synthetic impedance data derived from equivalent electrical circuits 
and experimental systems such as TiO2-coated carbon steel in aqueous HC1/KCI solu- 
tions), such extrapolation of polynomials is unreliable over a broad frequency range. 

Haili [13] provided an alternative approach based on the expected asymptotic behavior 
of a typical electrochemical system. For extrapolation to to = 0, the imaginary component 
Zi(to) was assumed to be proportional to to as (o ~ 0 consistent with the behavior of a 
Randles-type equivalent circuit. This approach would apply as well to a Warburg imped- 
ance, which is also nearly proportional to to as to --~ 0. The real impedance approaches a 
constant limit which is the sum of the Ohmic solution resistance and the polarization 
resistance. The extrapolation in this region involves only one adjustable parameter whose 
value will approach Zr(tomJ if to,~i, is sufficiently small. At high frequencies, the imaginary 
component was assumed to be inversely proportional to frequency as to -+ ~ and the real 
component was assumed to approach a constant equivalent to the Ohmic solution resist- 
ance R~. The method of Haiti guarantees well-behaved extrapolation of the impedance 
spectrum at upper and lower frequency limits with only five adjustable parameters. Haili's 
work confirmed the importance of extrapolating impedance data to both zero and infinite 
frequency when evaluating the Kramers-Kronig relations. 

Esteban and Orazem, et al. [14,15] presented an approach which circumvented the 
problems associated with extrapolations of polynomials and yet avoided making a priori 
assumption of a model for asymptotic behavior. Esteban and Orazem suggested that, 
instead of predicting the imaginary impedance from the measured real impedance using Eq 
1 or, alternatively, predicting the real impedance from the measured imaginary values 
using Eq 2 or 3, both equations could be used simultaneously to calculate the impedance 
below the lowest measured frequency tomi.. The low-frequency limit too is an adjustable 
parameter that is typically three or four orders of magnitude smaller than tomi,. The 
calculated impedance, in the domain too -< to < tomin, "forces" the experimental data set to 
satisfy the Kramers-Kronig relations in the frequency domain too -< to -< tor.ax. The parame- 
ter tOo is chosen to satisfy the requirements that the real component of the impedance 
spectrum attains an asymptotic value and that the imaginary component approaches zero 
as tO ---) tOo. Internal consistency between the impedance components also requires that the 
calculated functions be continuous with the experimental data at tOni.. These requirements 
cannot simultaneously be satisfied by data from systems that do not satisfy the constraints 
of the Kramers-Kronig relations; therefore, discontinuities between experimental and 
extrapolated values were attributed to inconsistency with the Kramers-Kronig relations. 
The approach described by Esteban and Orazem [14,15] is different from other algorithms 
presented here because the Kramers-Kronig relations themselves were used to extrapolate 
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data to frequencies below the lowest measured frequency. Extrapolation of polynomials or 
a priori assumption of a model was thereby avoided. 

While each of the algorithms described here have been applied to some experimental 
data with success, any approach toward extrapolation can be applied over only a small 
frequency range and cannot be applied at all if the experimental frequency range is so 
small that the data do not show a maximum in the imaginary impedance. The extrapolation 
approach for evaluating consistency with the Kramers-Kronig relations cannot be applied, 
therefore, to a broad class of experimental systems for which the unmeasured portion of 
the impedance spectrum at low frequencies is not merely part of a "tail" but instead 
represents a significant portion of the impedance spectrum. 

Experimental Checks for Consistency 

Experimental methods can be applied to check whether impedance data conform to the 
Kramers-Kronig assumptions. A check for linear response can be made by observing 
whether spectra obtained with different magnitudes of the forcing function are replicate. 
Stationary behavior can be identified experimentally by replication of the impedance 
spectrum. Spectra are replicate if the spectra agree within the expected frequency-depen- 
dent measurement error. If the experimental frequency range is sufficient, the extrapola- 
tion of the impedance spectrum to zero frequency can be compared to the corresponding 
values obtained from separate steady state experiments. 

The experimental approach to evaluating consistency with the Kramers-Kronig relations 
shares constraints with direct integration of the Kramers-Kronig equations. Because ex- 
trapolation is required, the comparison of the dc limit of impedance spectra to steady state 
measurement is possible only for systems for which a reasonably complete spectrum can 
be obtained. Experimental approaches for verifying consistency with the Kramers-Kronig 
relations by replication are further limited in that, without an a priori estimate for the 
confidence limits of the experimental data, the comparison is more qualitative than quanti- 
tative. A method is therefore needed to evaluate the error structure, or frequency-depen- 
dent confidence interval, for the data that would be obtained in the absence of 
nonstationary behavior. 

Regression of Electrical Circuit Analogues 

Electrical circuits consisting of passive and distributed elements satisfy the Kramers- 
Kronig relations (see, for example, the discussion in Refs 16, 17, and 18). Therefore, 
successful regression of an electrical circuit analogue to experimental data implies that the 
data satisfy the Kramers-Kronig relations [19,20]. This approach has the obvious advan- 
tage that integration over an infinite frequency domain is not required; therefore, a portion 
of an incomplete spectrum can be identified as being consistent without use of extrapola- 
tion algorithms. 

It should be noted that the regression is, however, sensitive to the weighting applied to 
the data, an important consideration for impedance data which vary over many orders of 
magnitude [21]. With no weighting (or unity weighting), the real part of the spectrum at 
low frequencies and the imaginary part of the spectrum at intermediate frequencies are 
emphasized. Information about physical processes that influence the spectrum at high 
frequencies may therefore be lost. A better approach is to provide proportional weighting 
to each data point, achieved by dividing the objective function at each frequency by the 
experimental observation at that frequency. The processes that appear at high-frequency 
are given the same weight in the regression as the processes that are important at low- 
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frequency. The proportional weighting approach has the disadvantage that the regression 
can be overly influenced by the portions of the spectrum that have the largest uncertainty. 
The most desirable approach, therefore, is to divide the objective function at each fre- 
quency by the variance of the experimental observation at that frequency [21]. Normaliza- 
tion by the variance will yield proportional weighting if the percent error is not a function 
of frequency. The problem here is that consistency is determined by regression of a model, 
and the most reliable regression is obtained only if the frequency dependence of the error 
structure of the data is known. Also, a priori knowledge of the error structure may be 
needed to decide whether a given regression provides a "good fit." As an alternative to a 
priori knowledge of the error structure, Macdonald has recently suggested that model 
parameters for error structure be included in the regression of a model to data [22,23]. 

Perhaps the major problem with the use of electrical circuit models to determine 
consistency is that interpretation of a "poor fit" is ambiguous. A poor fit is not necessarily 
the result of an inconsistency of the data with the Kramers-Kronig relations. A poor fit 
could also be attributed to use of an inadequate model or to regression to a local rather 
than global minimum (caused perhaps by a poor initial guess). 

Application of Measurement Models 

In this work, models are classified as being one of two types: process models or mea- 
surement models. Process models are used to predict the response of a system from 
physical phenomena that are hypothesized to be important. Regression of process models 
to data allows identification of physical parameters based upon the original hypothesis. In 
contrast, measurement models are built by sequential regression of line shapes to the data. 
This type model can be used to identify characteristics of the data set that could facilitate 
selection of an appropriate process model. 

The regression of measurement models as a means of determining consistency with the 
Kramers-Kronig relations is an extension to the use of electrical circuit analogues. Be- 
cause the model itself is consistent with the Kramers-Kronig relations, successful 
regression of the model to a given spectrum implies that the data are consistent. Integra- 
tion over zero to infinity in frequency is not required. The measurement model is com- 
posed of a summation of lineshapes that will, with a sufficient number of terms, provide a 
statistically adequate fit to any consistent data set. Use of the measurement model elimi- 
nates the ambiguity in the interpretation of a "poor fit" to the data. Since the model will 
provide an adequate representation of a consistent spectrum, failure to fit the data can be 
attributed to inconsistency with the Kramers-Kronig relations. Another result of the ade- 
quacy of the model is that the model can be used to identify the frequency-dependent error 
structure of impedance spectra. The error structure can then be used to weight the data 
during regression and to provide a means of deciding whether a given regression provided 
a "good fit." In this section, the measurement model is presented along with a demonstra- 
tion of applicability to impedance data, its use in determining the frequency-dependent 
error structure, and its use to determine consistency with the Kramers-Kronig relations. 

Structure of Measurement Model 

A simple measurement model was obtained for electrochemical impedance spectros- 
copy [24] by analogy to the classical theories of optical dispersion in which the complex 
dielectric constant is calculated as a function of the frequency of light [25,26,27]. Since the 
line shape of the Debye model for the complex dielectric constant was similar to that seen 
for the complex impedance, an analogue of the multiple Debye model was used, i.e., 
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~,  Ak 
Z(~) = Z  o +  (1 + Jxk~) 

(9) 

which corresponds to the Voight model (Fig. 1) in series with a solution resistance. The 
time constant ~k for element k is equivalent to RkCk in the Voight model, and A~ is 
equivalent to Rk. The impedance response of a single Voight element is usually attributed 
to the electrical response of a linearized electrochemical reaction [28,29]. Equation 9 
satisfies one requirement of  a measurement model in that it is consistent with the Kramers-  
Kronig relations. 

The tenets underlying the use of measurement models for impedance spectroscopy are: 

(1) 

(2) 

By including a sufficient number of terms, a general measurement model based on 
Eq 9 can fit impedance data for typical stationary electrochemical systems. 
Because the measurement model does fit stationary impedance data, an inability to 
fit an impedance spectrum can be attributed to failure of the data to conform to the 
assumptions of the Kramers-Kronig relations rather than to failure of the model. 
Thus, the measurement model can be used to assess the consistency of impedance 
data with the Kramers-Kronig relations without integration. 

Demonstration of  Applicability to Impedance Spectra 

The measurement model presented here is most effective in modeling systems that can 
be modeled otherwise with passive elements such as resistors, capacitors, and inductors. 
It is perhaps no surprise that, with only two elements, the measurement model can provide 
a good representation of a circuit developed for painted metals that does not include 
diffusion or constant phase elements [30]. The electrical circuit is presented as Circuit 1 in 
Fig. 2. The fit to synthetic data obtained from a model for painted steel is presented in Fig. 
3. The normalized sum of squares for this fit was found to be 2.055 x 10-~4 [24]. The 
measurement model indicates that two time constants can be resolved from the synthetic 
data, and this result is consistent with the circuit used to generate the synthetic data. 

The appearance of a positive imaginary component of the impedance has been attributed 
at high frequencies to the stray capacity of the current measuring resistor [31] and at low 
frequencies to adsorption phenomena at the electrode surface [28]. Transport based 
models for this behavior are rare, and most electrical circuit models account for this 
behavior by incorporating either an inductor or a capacitor with a negative value for the 
capacitance. The measurement model was applied to pseudo-capacitive data reported by 
Lorenz and Mansfeld [32] for corrosion of iron in 0.5 M H2SO 4. Their model, shown as 
Circuit 2 in Fig. 2, incorporated an inductor to fit the pseudo-capacitive response at low 
frequencies. The Voight model can account for inductive behavior if the magnitude (Ak) is 
allowed to have a negative sign. The regression to Circuit 2 is given in Fig. 4. The 
measurement model indicates that three time constants can be resolved from the synthetic 

FIG.  1--The Voight electrical circuit analogue corresponding to the measurement 
model used in this work (Eq 9). 
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Circuit 1: 
R, k _ ~  

Ill 

Circuit 2." 
v 

Rz R~ 

R2 

FIG. 2--Electrical circuit analogues for: (1) corrosion of  a painted metal [30]; (2) 
corrosion of  iron in 0.5 M H2S04 at the corrosion potential [32]; and (3) hydrogen 
evolution on LaNi5 [15]. 

data, and this result is fully consistent with the circuit. Complete agreement is obtained 
because the circuit is composed of only passive elements (one inductor, three resistors, 
and two capacitors). The residual sum of squares for this fit was found to be 3.221 • 10-14 
The measurement model provides a good fit to data exhibiting an inductive response. 

Additional measurement model elements were needed to provide a good fit to systems 
which contain distributed elements such as are associated with mass transfer limitations 
and frequency dispersion. In accordance with Eq 9, a measurement model is constructed 
by sequentially adding k Voight elements with parameters A, and Tk until the fit is no longer 
improved by addition of yet another element. This procedure is illustrated for synthetic 
data obtained from the electrical circuit model proposed for evolution of hydrogen on a 
LaNi5 ingot electrode [15]. A diffusional resistance was observed in this system as a result 
of the incorporation of hydrogen into the metal. The electrical circuit model presented as 
Circuit 3 in Fig. 2 accounted for mass transfer of hydrogen with a Warburg element, and 
three time constants are evident in the circuit analogue. The complex Warburg impedance, 
given by 
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tanh (X/'jxwr (10) 
Zw = Rw (N/j'rwoJ) 

can be derived from the solution of  V2c; = 0 for a film of thickness 3 [28,29]. The time 
constant can be expressed in terms of diffusivity and film thickness as "rw = ~Z/Di. The 
Warburg element is sometimes called a distributed element because it can be modeled by a 
distribution of relaxation times [28]. The optimal regression of the measurement model to 
synthetic data from Circuit 3 in Fig. 2 required five Voight elements. The fit is presented in 
Fig. 5, and the resultant residual sum of squares was 4.915 • 10- ~o. 

The residual sum of squares obtained by fitting the measurement model to the synthetic 
data is presented as a function of  the number of Voight elements in Fig. 6. Figure 6 can be 
used to show that a maximum of five Voight elements can be resolved from the synthetic 
data because the sixth Voight element did not improve the quality of the fit. Figure 6 also 
shows that, while visual inspection of Fig. 5 suggests that a fit obtained with three 
elements might be acceptable (resulting in residual errors less than 0.1 percent), addition 
of the fourth and fifth elements provided significant improvement in the residual error. 
Several points must be made here. The average residual error with five Voight elements 
was less than 2 • l0 -4 percent.  The measurement model based on a summation of Voight 
elements, therefore, provided an excellent fit, despite the fact that the circuit included a 
Warburg element which has an impedance response that differs significantly from that 
obtained for a resistor and capacitor  in parallel. The measurement model fit the synthetic 
data to within seven significant figures; therefore, the measurement model can be consid- 
ered to be statistically adequate to fit the corresponding experimental impedance data for 
which only three or four significant figures can be expected. To explore the potential 
influence of experimental error, random noise with a maximum amplitude of five percent 
was added to the results of  Circuit 3. The optimal regression of the measurement model 
yielded only three Voight circuit elements as shown in Fig. 6. Only three elements could 
be resolved because the contribution of the fourth circuit element was insignificant as 
compared to the noise of the data. The normalized sum of squares obtained by regression 
of the measurement model was slightly lower than the noise level which is shown as a 
dashed line in Fig. 6. 

The comparison of the measurement model to synthetic data, as presented in this 
section, is meant to illustrate the applicability of the measurement model lineshapes to 
models that have been developed for " typ ica l"  impedance data. The summation of 
lineshapes associated with the Voight model can be applied to data that can be otherwise 
modeled by passive elements such as resistors, capacitors, and inductors. It can also be 
applied to distributed elements such as Warburg and constant phase elements. The model 
can therefore be used to identify the error structure of impedance data and to evaluate data 
for consistency with the Kramers-Kronig relations. 

Identification of Error Structure 

The regression of a measurement model with four Voight elements is presented in Fig. 7 
for three replicate impedance spectra obtained for an Ino.osGao.95As/GaAs superlattice 
structure on a semi-insulating GaAs substrate [33]. The three data sets are in good agree- 
ment, although a larger degree of scatter is evident at low frequencies. The residual error 
corresponding to Fig. 7 is presented in Fig. 8 as a function of frequency. The scatter 
evident in the regression can be associated with the frequency-dependent error structure 
of the data. In this data set, the scatter in the real part of the impedance is largest at high 
frequencies where the real part of  the impedance has become small as compared to the 
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the number of  Voight time constants employed in the model: (o) regression to synthetic 
data; (A) regression to synthetic data with random noise added; and (dashed line) nor- 
malized noise level. Taken from Re f  24 with permission of  the publisher. 

value of  the imaginary component. Conversely, the scatter in the imaginary component is 
largest at low frequencies where the real component is dominant. 

The dashed line in Fig. 8 is given by 

= +O.O1N/Z~ + Z~, (11) 

such that the 95 percent confidence interval for the experimental data is estimated to be 

Zr = Z r  expt • E ( 1 2 )  

and 

Zi = Z7 xpt • e (13) 

The error for each component of the impedance was assumed to be one percent of the 
magnitude of the impedance at that frequency. The value of one percent was suggested by 
the specification of  the Solartron 1250 frequency response analyzer for variance of the 
results at 90 percent confidence using a "long integration mode" with a signal greater than 
0.02 percent of the range [34]. The value used would, of course, be dependent upon the 
instrumentation used as well as upon other aspects of experimental technique. Work is 
continuing on identification of more complete models for the frequency-dependent error 
structure [35]. Given its simplicity, however, Eq 11 is in remarkable agreement with the 
apparent error structure of the data. In the absence of replicate data, Eq 11 could provide 
an estimate for the variance of the data. Normalization of data by the variance is preferred 
in regression techniques because least reliance is placed on the least reliable data. 

The a priori estimate of the error structure of the impedance data can provide a powerful 
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tool when used in combination with the measurement model. For example, knowledge of 
the frequency dependence of the expected noise level can be used to interpret the results 
of "replicate" experiments. The regression of a measurement model with seven Voight 
elements is presented in Fig. 9 for eight consecutive impedance experiments on LaNi5 at 
the potential of -0 .8  V (Hg/HgO), cathodic to open circuit [36,37]. The data presented in 
Fig. 9 appear replicate, but examination of the residual errors in Fig. 10 reveals that, 
though the residuals are within twice the standard deviation of the data, the standard 
deviation of the data is much larger than the expected error structure. The solid lines in 
Fig. 10 represent twice the standard deviation of the data, and the dashed lines show the 
estimated error in the data using Eq 11. The errors are not random as would be expected 
for a truly replicate data set; therefore, the impedance response indicates time-dependent 
behavior. This analysis shows that the seven runs are not replicate and, instead, reflect the 
condition of the electrode at different points in time. It is appropriate, therefore, to treat 
these data as seven independent experimental spectra. 

Identification of Consistency with Kramers-Kronig Relations 

Most electrochemical impedance data do not adequately approximate the infinite fre- 
quency domain required for direct integration of the Kramers-Kronig equations. Experi- 
mental spectra can be evaluated for consistency using measurement models without 
performing integration because measurement models satisfy the Kramers-Kronig relations 
implicitly. To check for the consistency of the data, the measurement model is regressed 
to the real or the imaginary part of the experimental spectrum. The model can then be used 
to predict the other part of the spectrum (i.e., the real part if the regression was done to the 
imaginary and the imaginary part if the regression was done to the real). From the esti- 
mated variance of the model parameters, a 95-percent confidence interval can be found for 
the model predictions using Monte-Carlo simulation. If the data are within the 95-percent 
confidence interval, the system can be regarded as being stationary during the course of 
the experiment. If a significant portion of the data falls outside of the 95-percent confi- 
dence interval, the system is likely to be nonstationary. The details of the algorithm for 
Monte-Carlo simulation are given in Ref 38. The random number generator used for the 
simulation was taken from Ref 39. Five thousand simulations were performed at each 
frequency to ensure that impedance values follow a Gaussian distribution. 

Though the system changed over the period of seven experiments at -0 .8  V (Hg/HgO), 
the measurement model approach demonstrates that a pseudo-steady state approximation 
applies for each individual run. The applications of the measurement model approach to 
one experimental data set at -0 .8  V (Hg/HgO) is presented in Fig. 11. The measurement 
model was fit to the imaginary part of the impedance and the confidence interval was 
predicted for the real part. The circles in Figs. 11 and 12 represent the experimental data, 
the solid lines represent the 95-percent confidence interval for the model, and the dashed 
lines in Fig. 12 represent the model for the error structure of the data. The imaginary part 
of the residuals lie within the proposed error structure, indicating a satisfactory fit of the 
model to the imaginary part of the data. The use of the error structure to indicate satisfac- 
tory regression removes the possibility that a poor fit could be attributed to a local rather 
than global minimum in the nonlinear regression. Since the real part of the residuals lie 
within the confidence interval, the data can be deemed to be consistent with the Kramers- 
Kronig relations. The sharp discontinuity in the residuals at 1000 Hz can be explained by 
an inappropriate choice of frequency for change of current measuring resistor during the 
course of the experiment. The measurement model approach can therefore be used to 
suggest improvements to experimental design. 
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FIG. 11--Optimal regression of  the measurement model to the imaginary part of  the 
impedance spectrum for experimental data obtained for hydrogen evolution at a LaNi5 
metal hydride electrode at a potential of  -0 .8  V (Hg/HgO) [35,36]. (a) The real part of  the 
impedance and (b) the imaginary part o f  the impedance. The lines represent the results of  
the model regression, and the upper and lower lines represent the predicted 95 percent 
confidence interval for the regression. 
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FIG. 13--Optimal regression of the measurement model to the imaginary part of the 
impedance spectrum for experimental data obtained for hydrogen evolution at a LaNi5 
metal hydride electrode at a potential of - 1.1 V (Hg/HgO) [35,36]. (a) The real part of the 
impedance and (b) the imaginary part of  the impedance. The lines represent the results of 
the model regression, and the upper and lower lines represent the predicted 95 percent 
confidence interval for the regression. 
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A corresponding analysis is presented in Figs. 13 and 14 for experimental data obtained 
at - 1.1 V (Hg/HgO). The measurement model was regressed to the imaginary part of the 
impedance and the confidence interval for the real part  was predicted. A significant portion 
of the real part  of  the spectrum lies outside the 95-percent confidence interval; thus, the 
data do not satisfy the constraints of the Kramers-Kronig relations. These results are very 
important for the analysis of  the data because most physico-chemical models are devel- 
oped under the assumption of a pseudo-steady state. These models cannot be used to 
interpret nonstationary data. The results of  the measurement model analysis can be used 
to suggest changes in the experimental design or to encourage development of models 
which take the time dependent-behavior of the system into account. 

Conclusions 

The use of  measurement  models is superior to the use of polynomial fitting because 
fewer parameters are needed to model complex behavior and because the measurement 
model satisfies the Kramers-Kronig relations implicitly. Experimental data can therefore 
be checked for consistency with the Kramers-Kronig relations without actually integrating 
the equations over frequency. The use of  measurement models does not require extrapola- 
tion of the experimental data set; therefore, inaccuracies associated with an incomplete 
frequency spectrum are resolved. For  the application to a preliminary screening of the 
data, the use of measurement models is superior to the use of more specific electrical 
circuit analogues because one can determine whether the residual errors are due to an 
inadequate model, failure of data to conform to the Kramers-Kronig assumptions, or 
experimental noise. 
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ABSTRACT: The Kramers-Kronig transforms constitute in principle a powerful tool to 
validate experimental impedance data. However, some ambiguities remain in this method; 
thus, its use needs some care. For instance, the negative resistance generated by the passiva- 
tion process is often considered an impedance feature that cannot be verified by the Kra- 
mers-Kronig transforms. Clarifying this fundamental aspect on the basis of experimental 
results is not easy. To overcome this difficulty, the problem is addressed in this paper by 
considering impedance functions numerically simulated by a simple dummy cell. Then the 
applicability of the Kramers-Kronig transform is verified by evaluating: 

(a) The real part of the impedance from its imaginary part, 
(b) The imaginary part of the impedance from its real part, 
(c) The real part of the admittance from its imaginary part, and 
(d) The imaginary part of the admittance from its real part. 

The calculated impedance spectra are then compared with the original ones. 
From these calculations for different types of impedance, it is concluded that the choice of 

the proper immittance to be submitted to the Kramers-Kronig criterion is of basic impor- 
tance. If the impedance is measured under potential regulation, the validity test should be 
performed with admittance. Conversely, if transfer functions are obtained under current 
regulation, the Kramers-Kronig transform should be applied to the electrode impedance. 

KEYWORDS: stability, electrochemical impedance spectroscopy (EIS), passivation, 
transpassive dissolution, validation criterion 

The impedance technique is increasingly applied to various electrochemical systems. 
Therefore, one may encounter impedance diagrams showing a shape never met before. It 
is important in these situations to make sure that such diagrams obtained experimentally 
are really significant before devising an electrochemical model. In this context, the Kra- 
mers-Kronig transforms offers a useful tool to validate the measured results before under- 
taking any further investigation. Some authors claimed that a certain impedance feature 
cannot be verified through the Kramers-Kronig transforms even though the results are 
reproducible and verify the linearity [1-3]. Then, they even concluded that the Kramers- 
Kronig transforms cannot be fully applied to the electrochemical impedance data. This 
problem arises often for diagrams obtained during the passivation or the transpassive 
dissolution of metals [1,4,5]. 

Thorough examination of this aspect is a rather difficult task, so we tried to verify the 
applicability of the Kramers-Kronig transforms on numerically generated data simulating 
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different diagram shapes. The synthetic data include negative resistances or negative 
capacitances, or both. 

The applicability of  the Kramers-Kronig transforms requires four conditions: linearity, 
causality, stability, and a finite value of the immittance. The last aspect was recently 
discussed thoroughly by Esteban and Orazem [6]. We are particularly interested in the 
stability effect. We will recall, therefore, some fundamental features of the theory of  
stability applied to the electrode impedance [7]. We will then briefly describe the algorithm 
used for the Kramers-Kronig transforms. 

Principles 

Stability 

Stability concerns the interface response to a small perturbing signal. It depends on both 
intrinsic interface dynamics and characteristics of the regulating device supplying a per- 
turbing signal and maintaining the electrode at the steady state polarization conditions. 
Stability deals with the behavior of the whole system to the perturbation regime. How- 
ever, sometimes this concept is confusingly used with the existence of a steady state, i.e., 
conditions that the system does not evolve during the experiment [1]. 

In terminology of the theory of  stability, two types of stability can be distinguished. If 
the response vanishes with time after withdrawing the perturbation, the system is called 
asymptotically stable. Conversely, if the response does not vanish but remains bounded 
(e.g., an oscillation is maintained), the system is called stable. If the system diverges from 
its steady state when a perturbing signal is applied, the system is considered unstable [8]. 
In this paper, we will use the term "stable" for the system exhibiting the asymptotically 
stable state. 

The electrochemical impedance can be defined as Z(s) where s is the Laplace parameter 
(s = cr + jto). When s = jo~, then the impedance is defined in the usual way. The current 
flowing through an electrochemical cell with impedance Z(s) controlled by a potential 
regulating device is equivalent to a voltage source E, in series with an output resistance R, 

I(s) - E,  (1) 
Rs + Z(s) 

In the same way, if the electrochemical system is polarized by a current source I in parallel 
with a conductance Gs, the potential across the cell is 

I 
E(s) - (2) 

G, + 1/Z(s) 

It is known that the system is stable if the poles of l(s) in the potential, and E(s) in 
current control, have a negative real part. For instance, if the electrochemical system has 
only one time constant -r, the time response to a perturbing signal can be written as 

Response = K • exp (trt) (3) 

Since time dependence of  the response vanishes with time when tr < 0, the system is 
stable. The general analysis in time domain is not straightforward. In the frequency 
domain, stability criteria were elaborated in servo system theory. (Readers who are 
particularly interested in this aspect will find details in Refs 7 and 8.) Summarizing briefly, 
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142 ELECTROCHEMICAL IMPEDANCE 

the Laplace transform leads one to analyze in the Nyquist  plot in the frequency range - 
< to < 0o [8]. The physical impedance is defined in the positive frequency domain; 
mathematical theory leads to extend to negative to values by completing the diagram 
symmetrically with respect to the real axis (analytic function of complex variable). Then 
one counts the number of turns T around the origin. This number is positive if the Nyquist  
diagram turns clockwise with increasing frequency. Inversely, it is negative if the diagram 
turns counterclockwise. The number of poles with a positive real part P can be determined 
by the number of clockwise rotations of the diagram. The number of zero with a negative 
real part  N is derived by 

N = P -  T (4) 

If  N is equal to zero, then the system is stable under potential control. On the contrary, if 
P is zero, the electrochemical interface is stable under current control. Table 1 summa- 
rizes the stability of the interface when there is only one relaxation phenomenon related to 
a faradaic process in addition to the charge transfer resistance R, and the double layer 
capacitance Ca. Rso~ stands for the solution resistance. Rp is the polarization resistance 
defined as the low-frequency limit of the impedance. 

The diagrams displayed in Table 1 such as 2b and 3a, present very common features. 
The diagram 3d is relative to the passivation process. It is also well known that the 
passivation characteristic can only be obtained by using a potentiostat and is not observ- 
able under galvanostatic control. This agrees with the stability diagnostic indicated in 

TABLE 1--Stability o f  the system with one faradaic time constant. 

Resistances 

RsoI<Rt<Rp 

RsoI<Rp<Rt 

0<Rp<RsoI<Rt 

Rp<0<Rsol<Rt 

Im(ZF) > 0 P G Im(ZF) < 0 

2cl 

Rp 
RSOl Rt Rp 

~ R t  + + [ ~ ~ R t  
Rsol ~-J RSOl Rp 

3cl 

Rp Rt 
a21 

Rp RsoI~  Rt " ~  \ + f 
Rp Rsol Rt 

P G 

+ + 

+ - 

P : Under voltage, G : Under current regulations, + : Stable, - : Unstable 
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Table 1. The diagrams exhibiting the shapes similar to diagrams 2c and 2d were found 
during Zn electrodeposition. The polarization curve in this case is S-shaped. These fea- 
tures are interpreted on the basis of an electrochemical reaction mechanism involving an 
autocatalytic process [9]. The diagrams 3b and 3c were experimentally observed during the 
passivation of  iron in sulfuric acid when the electrode was polarized by a regulation device 
having a negative output impedance [10]. A diagram such as 2a was never observed to our 
knowledge. 

Kramers-Kronig Transforms 

Numerically simulated impedance data fulfill the conditions of linearity. Except for the 
diverging impedance such as the Warburg or that of the blocking electrode, the finite value 
of the impedance can easily be calculated. For experimental data the problems are some- 
what more complex. The linearity can be verified, in principle, by measuring the imped- 
ance with a perturbing signal of  a small enough amplitude. If the measured impedance is 
independent of the amplitude of the perturbing signal, the linearity is considered to be 
satisfied. The causality is somewhat a more intricate term; if the impedance (or the 
admittance) is determined experimentally and reproducible, the requirement for the cau- 
sality might likely be fulfilled. 

The Kramers-Kronig transforms are based on the fact that the impedance measurement 
(more generally, immittance measurement) on both the real and the imaginary parts at 
each frequency is redundant. If the frequency change of one part is known for  the whole 
frequency range, one can mathematically derive the other one. Let us consider the 
immittance A(to) as 

A(to) = Re(to) + j x Ira(to) (5) 

Then the Kramers-Kronig transforms lead to 

( )fo Re(to) = Re(O) + --~--_ o,2 (6) 

( 2 ) fo= X • Im(x) - to • Ira(to) Re(to) = Re(oo) - --~ -- - ~ dx (7) 

Im(to) = - ( ~ )  30f~Re(X) 2 to2R---e(to) dx (8) 

where 

j = X/'Z--~, 

to = angular frequency (= 2~rf) (s-~), 
Re(to) = Real part of  A(to), 
Ira(to) = Imaginary part of  A(to), 
Re(O) = A(to) at f = 0, i.e., Rp, and 
Re(oo) = A(to)  at  f = ~ ,  i . e . ,  Rsot. 
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144 ELECTROCHEMICAL IMPEDANCE 

Computing Techniques 

The Kramers-Kronig transforms were performed from the impedance Z as well as from 
the admittance Y. For the latter, the impedance was transformed into the admittance (Y = 
Z-1) and then the Kramers-Kronig transforms were performed. At last, the results were 
displayed under the form of the electrode impedance (Z = Y- 1). In the following, we will 
represent the real and the imaginary parts of the impedance respectively by Re(Z) and 
Im(Z). Similarly, Re(Y) and Im(Y) stand for the real and the imaginary parts of the 
admittance. It is worth noting that if the impedance goes toward infinity in a low-frequency 
range, the admittance tends towards zero, thus yielding a finite value. The admittance 
meets, therefore, the requirement of the finite value for the application of Kramers-Kronig 
transforms. 

The impedance data were numerically simulated on the basis of the equivalent electrical 
network displayed in Fig. 1. The value of ct different from unity is introduced to represent 
a frequency dispersion (Constant Phase Element at high frequencies). We used positive as 
well as negative values for C~ and R~. Then, all diagrams displayed in Table l are simu- 
lated. We also examined, as can be seen later, an example having two faradaic time 
constants corresponding to that observed during the transpassive dissolution of metals. 

Algorithm for the Kramers-Kronig Transforms 

The numerical integration is generally performed with a constant increment &x. Since 
the impedance measurements are spread over several decades, the Kramers-Kronig trans- 
forms were often carded out by dividing the frequency range in several segments. To 
avoid an arbitrary division in segments, we used a geometrical progression of Ax. The 
Newton method for integration was then slightly modified to meet this change. Since the 
integration was performed with a frequency step size five times smaller than that used in 
the simulation data, a cubic spline was used to interpolate the impedance data [11]. 
Further, to avoid the division by zero in Eqs 6 through 8, the initial value ofx was selected 
such that x = to never took place. We used Eq 7 to evaluate the real part of the immittance 
rather than Eq 6. The computer code for the calculations was written in FORTRAN. 

Results and Discussion 

Figures 2 and 3 display the simulated impedance data on the basis of the equivalent 
circuit displayed in Fig. 1. The figure numbers correspond to those indicated in Table 1. 
Table 2 showed the value of electrical elements used. Instead of the capacitance value C, 

[ ,; 
Rsol 

1~176 
1, 11, 

R t R1 

FIG. 1--Electrical equivalent circuit for simulated impedance. Rso] = Solution resist- 
ance, Ca = Double layer capacitance, R, = Charge transfer resistance, C1 and RI 
generate a relaxation phenomenon due to an electrochemical process. Ca and C~ are 
frequency distributed elements. 
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FIG. 2--Simulated impedance diagrams with one faradaic time constant showing posi- 
tive imaginary part corresponding to those marked respectively by 2a to 2d in Table 1. The 
parameter values are displayed in Table 2. 
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FIG. 3--Simulated impedance diagrams with one faradaic time constant showing nega- 
tive imaginary part corresponding to those marked respectively by 3a to 3d in Table 1. The 
parameter values are displayed in Table 2. 
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we introduced the time constant �9 defined by the product of resistance by capacitance (7 = 
RC) as a parameter. The impedance Z(o~) was then derived by 

Z(to) = Rso I + R, + R, (9) 
(1 + jco'r) '~ (1 + jco'rl) '~1 

This expression corresponds to the Cole-Davidson type distribution of the time constant 
and xl. 

The Kramers-Kronig transforms were performed in all cases by the four different man- 
ners as previously indicated. Figure 4 shows, for example, the result of four transforms for 
the impedance data of Fig. 3a. When the system is stable under both the potential and the 
current regulations, i.e., 2b, 2c, and 3a in Table 1, the result of four transforms agree quite 
well with the initial data as can be seen by the comparison of Fig. 3a and Figs. 4a through 
4d. 

Figures 2a, 3b, and 3c correspond to the impedances of unstable systems under both 
regulations, thus the Kramers-Kronig transforms do not agree in all cases with the initial 
impedance data. For the case in Fig. 2a, the result calculated from the real part of the 
impedance Re(Z) generated the diagram displayed in Fig. 3a. In fact, these two diagrams 
have the same frequency dependence on Re(Z). From the imaginary part of the impedance 
Ira(Z), the Kramers-Kronig transforms showed the diagram displayed in Fig. 2b but shifted 
by 50 fl on the real axis (Fig. 5a). The frequency dependence of Im(z)  is, in this case, also 
equal to that of Fig. 2b. However, the algorithm used for the calculation set the low- 
frequency limit of immittance equal to that of the initial immittance data as can be seen in 
Eq 6. If Eq 7 were used instead for the Kramers-Kronig transforms, one finds indeed the 
same diagram as in Fig. 2b. When the Kramers-Kronig transforms are performed for the 
impedance of an unstable system, we always produced the impedance of the stable system 
with the same frequency dependence of the initial set of data. For instance, from the data 
of the diagram 3b, the result displayed in Fig. 2b was calculated from Re(Z) and that 
corresponding to the diagram 3a from Im(Z). Similarly, from the initial data of Fig. 3c, one 
finds the diagram 2c when the Kramers-Kronig transforms are carried out from Re(Z). 
These observations can be made because the diagrams are simulated with parameters 
whose absolute values are often the same. 

The observation made from the admittance data was somewhat more complex. The 
admittance Y for each frequency can be calculated from the impedance Z by 

TABLE 2--The values used for synthetized impedance data (cf Fig. 1). 

Diagram Rsol/fl RJfl ~/s a R1/II ~i/s a~ 

2a 10 50 10 -3 0.8 25 - 1 0.8 
2b 10 50 10 3 0.8 -30 1 0.8 
2c 20 50 10 3 0.8 -60 1 1.25 
2d 10 50 10 -3 0.8 - 100 1 1.25 
3a 10 50 10-3 0.8 25 0.1 0.8 
3b 10 50 10 -3 0.8 -30 - 1 0.8 
3c 20 50 10 -3 0.8 -60 - 1 1.25 
3d 10 50 10 3 0.8 - 100 - 1 1.25 

Capacitance of each network can be calculated by: "r = RC. 
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FIG. 4--Resul t  o f  the Kramers-Kronig transforms for the diagram 3a (results in agree- 
ment with the original data). (a) Re(Z) calculated from Im(Z). (b) Ira(Z) calculated from 
Re(Z). (c) Re(Y) calculated frorn lrn(Y). (d) Irn(Y) calculated from Re(Y). 

Z = Re - j  x Im 

y - 1 _ R e  + j • Im 
Z Re 2 + I m  2 Re 2 + Im 2 (10) 

Therefore, both the absolute values of Re(o) and lm(to) should follow the same frequency 
dependence to find a synthetized data Z(to) of stable system. This is indeed verified for the 
diagram 2a when the Kramers-Kronig transforms are performed from the real part of 
admittance. The calculated diagram is equal to the diagram 3a. In the same way, from the 
diagrams 3b and 3c, the Kramers-Kronig transforms from Re(Y) showed respectively the 
diagrams 2b and 2c. 

If the Kramers-Kronig transforms were performed for the diagram 2a from Im(Y), then 
one finds a diagram similar to 2b, but of a larger size (Fig. 5b). Figures 5c and 5d are, 
respectively, the Kramers-Kronig transforms of the diagram 3b calculated from Irn(Z) and 
Im(Y), respectively. Figure 5c corresponds to the diagram 2b, but the low-frequency limit 
is shifted to be coincident with Re(O) of the initial data. Figures 6a and 6b are the diagrams 
calculated from Irn(Z) and Irn(y) of the impedance data of Fig. 3c. The remarks formulated 
with Figs. 5c and 5d apply as well to Figs. 6a and 6b. 

Let us examine now the system that satisfies the stability conditions (diagrams 2d and 
3d) when polarized by only one of the two regulation devices. If the Kramers-Kronig 
transforms from the admittance were made for the diagram 2d, the results verify the initial 
impedance data. Conversely, for the impedance diagram 3d, the Kramers-Kronig trans- 
forms from the impedance agree with the initial data. On the contrary, if the Kramers- 
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FIG. 5--Result of the Kramers-Kronig transforms in contradiction with the original 
data. (a) Re(Z) calculated from Im(Z) for 2a. (b) Re(Y) calculated from Im(Y) for 2a. (c) 
Re(Z) calculated from Im(Z) for 3b. (d) Re(Y) calculated from Im(Y) for 3b. 

Kronig transform was proceeded from Re(Z) for the diagram 3d, one found the diagram 2d 
(see Fig. 6c) and from lm(Z), the diagram displayed in Fig. 6d. Figures 7a and 7b illustrate 
the results of Kramers-Kronig transforms of the diagram 2d from Re(Y) and Im(Y) respec- 
tively. The diagram in Fig. 7a is identical to the diagram 3d. 

It can be concluded, therefore, that there is a close relationship between the Kramers- 
Kronig transforms and the stability of the system. The Kramers-Kronig transforms from 
the impedance lead to the original results only if the system is stable under current control 
(galvanostat) depending on whether the transforms were made from the real or the imagi- 
nary part. Similarly, the Kramers-Kronig transforms from the admittance conform with 
the initial data provided that the system is stable under the potential control (potentiostat). 
This is a very important feature for the validation of the impedance data from the 
Kramers-Kronig criterion. 

Figure 8a is a simulated impedance for the Randle-type electrode process. Figure 8c is 
relative to the Kramers-Kronig transforms from lm(Y), and agrees relatively well with Fig. 
8a. Figure 8b is the Kramers-Kronig transform from Im(Z). One may find a further good 
agreement with Fig. 8a if Eq 7 were used instead of Eq 6. On the contrary, if the Kramers- 
Kronig transform was performed from Re(Z), as reported by Shih and Mansfeld [12], a 
marked difference in the calculated impedance was observed: The diagram bends signifi- 
cantly towards the real axis. From the viewpoint of stability, Fig. 8a is stable under both 
regulations provided that the impedance diagram shows a finite value at zero frequency. 
Since the potential regulation is best appropriate to polarize such a system, the Kramers- 
Kronig transforms from the admittance will be performed. The impedance tends to a very 
high value in low frequencies; then the admittance tends to zero, i.e., remains bounded. 
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FIG. 6--Result of the Kramers-Kronig transforms in contradiction with the original 
data. (a) Re(Z) calculated from Im(Z) for 3c. (b) Re(Y) calculated from Im(Y) for 3c. (c) 
Ira(Z) calculated from Re(Z) for 3d. (d) Re(Z) calculated from Im(Z) for 3d. 

Indeed, the Kramers-Kronig transform from Im(Y) was found close enough to the initial 
data to validate the impedance data, though a significant difference can be seen at low 
frequencies. The frequency range used for the Kramers-Kronig transforms was likely not 
large enough (particularly on the low-frequency side) to eliminate completely the trun- 
cation effect on the integration calculation. 

Figure 9 is relative to the simulated impedance for the transpassive dissolution. We 
added in series another parallel R-C circuit in the equivalent electrical network given 
earlier (Fig. 1). This diagram is stable only under potential control. The diagrams illus- 
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FIG. 7--Result of the Kramers-Kronig transforms in contradiction with the original 
data. (a) Ira(Y) calculated from Re(Y) for 2d. (b) Re(Y) calculated from Ira(Y) for 2d. 
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trated in Figs. 10a and 10b are obtained by the Kramers-Kronig transforms respectively 
from R e ( Z )  and I m ( Z ) .  Figure 10a looks similar to Fig. 9, but if the diagram is examined 
closely, one may remark that the low-frequency loop turns the opposite direction. Figure 
10b does not exhibit a negative real part. It is worth noting that these two diagrams are 
stable under current control. 

Figures 10c and 10d are obtained by the Kramers-Kronig transforms for R e ( Y )  and 
I m ( Y ) ,  respectively. Though a slight difference was found at intermediate frequencies on 
the diagram 10d, these diagrams agree with that displayed in Fig. 9. The close relationship 
between the regulating device and the Kramers-Kronig transforms is again verified for a 
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more complicated electrochemical system. We determined experimentally how the re- 
quirement of stability is related to the applicability of the Kramers-Kronig transforms. 

Conclusion 

The Kramers-Kronig transforms may, in principle, constitute a useful tool to validate 
the experimental impedance data. We particularly emphasized the stability of the electro- 
chemical interface with respect to the interface regulating device, one of the four require- 
ments to the applicability of this criterion, by using synthetized impedance data. It was 
found that if the impedance was measured under potential regulation, the Kramers-Kronig 
transforms have to be applied to the electrode admittance. Conversely, if the electrode 
impedance was determined under current control, the impedance data should be submitted 
to the Kramers-Kronig transforms. It is worth noting that if the system is unstable under a 
given regulation device, the electrode interface cannot be correctly polarized. Thus, no 
impedance data will be yielded. 

If the stability condition is not fulfilled, the transformed data correspond to those 
obtained under the regulating device at which the interface is stable and having the same 
frequency dependence. For impedance data similar to those in diagrams 2a, 3b, and 3c, the 
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from Im(Y). (d) Ira(Y) calculated from Re(Y). 

interface cannot be polarized adequately by a potentiostat or a galvanostat. In this case the 
Kramers-Kronig transforms cannot be applied. In other words, the knowledge about the 
stability of the system allows one to definitely discard certain features of electrode imped- 
ance without using the Kramers-Kronig transform criteria. 

Further, it was found that if the impedance becomes very high at low frequencies, the 
Kramers-Kronig transforms from the admittance may likely verify the validity of experi- 
mental data. 

References 

[1] Macdonald, D. D., Corrosion, Vol. 46, 1990, p. 229. 
[2] Macdonald, D. D. and Urquidi-Macdonald, M., Journal of the Electrochemical Society, Vol. 

132, 1985, p. 2316. 

Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



GABRIELLI ET AL. ON KRAMERS-KRONIG TRANSFORMATION 153 

[3] Urquidi-Macdonald, M., Real, S., and Macdonald, D. D., Journal of  the Electrochemical 
Society, Vol. 133, 1986, p. 2018. 

[4] Cahan, B. and Chen, C. T., Journal of  the Electrochemical Society, Vol. 129, 1982, p. 474. 
[5] Gabrielli, C. and Keddam, M., Journal of  the Electrochemical Society, Vol. 129, 1982, p. 2872. 
[6] Esteban, J. M. and Orazem, M. E., Journal of  the Electrochemical Society, Vol. 138, 1991, p. 

67. 
[7] Epelboin, I., Gabrielli, C., Keddam, M., and Takenouti, H., "The Study of the Passivation 

Process by the Electrode Impedance Analysis," in Comprehensive Treatise of  Electrochemistry, 
J. O'M. Bockris, B. E. Conway, E. Yeager, and R. White, Eds., Vol. 4, Plenum Press, New 
York, 1981, p. 151. 

[8] Parmentier, R.D.,  "Neutristor Analysis Technique for Non-linear Distributed Electronic 
System," Proceedings of  the Institute for Electrical and Electronic Engineers, Vol. 58, 1970, p. 
1829. 

[9] Epelboin, I., Ksouri, M., and Wiart, R., Journal of  the Electrochemical Society, Vol. 122, 1975, 
p. 1206. 

[10] Epelboin, I., Gabrielli, C., Keddam, M., and Takenouti, H., Zeitschrift fur Physikalische 
Chemie, Neue Folge, Vol. 98, 1975, p. 215. 

[11] Press, W. H., Flannery, B. P., Teukolsky, S. A., and Vetterling, W. T., Numerical Recipes, 
Cambridge University Press, Cambridge, MA, 1986. 

[12] Shih, H. and Mansfeld, M., Corrosion, Vol. 45, 1989, p. 325. 

Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Brian J. Dougher ty  ~ and  Stuart  I. Smed ley  I 

Validation of Experimental Data from High 
Impedance Systems Using the Kramers- 
Kronig Transforms 

REFERENCE: Dougherty, B. J. and Smedley, S. I., "Validation of Experimental Data from 
High Impedance Systems Using the Kramers-Kronig Transforms," Electrochemical Imped- 
ance: Analysis and Interpretation, ASTM STP 1188, J. R. Scully, D. C. Silverman, and 
M. W. Kendig, Eds., American Society for Testing and Materials, Philadelphia, 1993, pp. 
154-170. 

ABSTRACT: Impedance data measured for the high impedance aluminum/methanol and 
aluminum/methanol/water systems have been validated using the Kramers-Kronig Trans- 
forms (KKT). The real-to-imaginary and imaginary-to-real transforms gave accurate results 
for experimental data which met the linearity, causality, stability, and continuity and fi- 
niteness criteria. In cases in which only the continuity and finiteness criterion was violated, 
the magnitude of the real impedance calculated from the imaginary-to-real transform and the 
maximum value of the imaginary impedance calculated from the real-to-imaginary transform 
were smaller than the experimental values. The real-to-imaginary transform was more sensi- 
tive to errors of this type than the imaginary-to-real transform. Neither transform produced 
accurate results when the linearity, stability, and causality requirements were violated. 

KEYWORDS: Kramers-Kronig Transforms (KKT), impedance, corrosion, aluminum, meth- 
anol, water 

Impedance spectroscopy is an increasingly important technique in the study of electro- 
chemical phenomena. In a typical impedance experiment, the electrochemical system is 
perturbed by an electrical stimulus, and the response monitored as a function of the 
perturbation frequency. The general relationship between the response and the perturba- 
tion can be represented by [1] 

R(s) = H(s,P) • P(s) (1) 

where R(s) is the response; P(s) the perturbation; and H(s,P) is the transfer function. The 
Laplace variable, s, = jto, where to is the angular frequency and j2 = _ 1. H(s,P) 
constitutes a valid impedance provided that the following criteria are met [1]: 

�9 Causality: The response of the system must be determined entirely by the perturba- 
tion. 

�9 Linearity: The perturbation/response characteristics of the system must be de- 
scribed by a series of linear differential equations. 

�9 Stability: Once the perturbation has been removed the system must return to its 
original state. 

~SRI International, Menlo Park, CA 94025-3493. 
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�9 Continuity and finiteness: The impedance must be finite-valued and continuous over 
the frequency range 0 < to < o0. In particular, the impedance must tend to a constant, 
real value as to --~ 0 and to -~ oo. 

For  impedance data to satisfy these criteria, very careful control of the experimental 
conditions is required. To some extent, the requirements of these criteria conflict, so that 
in practice a compromise must be accepted. Relatively few researchers establish the 
validity of their data in a phenomenological sense, other than to note that the spectra 
recorded are independent of  the signal amplitude, thereby demonstrating that the system 
behaves linearly, or that the system is stable in the sense that it returns to its original state 
on completion of the experiment.  

In our study of the high impedance system of aluminum in methanol and in methanol- 
water mixtures [2], the quality of the spectra at frequencies below l0 mHz was degraded 
by data scatter due to noise. This problem was alleviated somewhat by the use of a large 
signal amplitude (20 mV); however,  such a large amplitude could have resulted in spurious 
components due to harmonics of the excitation frequency, in possible contradiction to the 
causality and linearity criteria. In addition, the results were averaged over several cycles 
at each test frequency. This increased the total measurement time, raising questions as to 
the stability of the system. A further consequence of signal averaging is that it increases 
the minimum frequency at which the impedance of the system could be measured. The 
impedance of the aluminum/methanol/water system often retained a significant reactive 
component at frequencies below 1 mHz, so that the fourth criterion was not always 
obeyed. It is apparent that a reliable method of evaluating the validity of experimentally 
measured impedance spectra was warranted. 

Kramers-Kronig Transforms 

Kramers-Kronig Transforms (KKT) are mathematical relationships that permit the real 
component of a complex variable to be calculated solely from the imaginary component of 
the same variable, and vice versa. They arise directly from the causality principle of 
physics [3,4] and can be applied to any system described by Eq 1 and satisfying the 
aforementioned criteria [I]. The most useful forms of the KKT are [1,5]: 

(2) 

(3) 

(4) 

Z '  and Z" are the real and imaginary components of the impedance, respectively, at the 
angular frequencies x (integrand) and to (the "po le"  frequency); Rp is the polarization 
resistance; and Z'(oo) is the value of the real component of the impedance as to ~ oo. 
Although Eqs 2 to 4 are integrations from 0 to oo, the integration can be truncated at some 
finite frequency within these limits provided the impedance tends to a finite, constant real 
value at both high and low frequency. The apparent singularity at x = to in Eqs 2 to 4 is 
avoided, since [1,4] 
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l i m = [ f ~ :  -dx ] = 0  (5) 
x ~ t o  0 X 2 (1) 2 

The use of the KKT as diagnostic tools for the verification of experimental impedance 
data has been evaluated by Macdonald et al. [1,5], who showed that the transforms could 
successfully detect errors of a few percent in either or both the real or imaginary compo- 
nents of  the impedance. Since the KKT are purely mathematical relationships, they pro- 
vide an independent means by which to establish the validity, or otherwise, of  
experimental impedance data. In the present paper, we describe the application of these 
transforms to test the validity of experimental impedance data measured for the high 
impedance aluminum/methanol/water system. 

Calculation Procedure 

The KKT were calculated using the method of Urquidi-Macdonald et al. [1], except as 
otherwise noted. 

(1) A polynomial of  general formula 

n ~ n m a x  

Z(x~) = ~ a,er7 (6) 
n = O  

where a, is the coefficient of the n 'h power of  the frequency, xl, and 1 -< nr,ax --< 6, was fitted 
sequentially over segments of the experimental data. The minimum and maximum fre- 
quency of  each data segment and the maximum degree of the polynomial were selected so 
as to optimize the fit of  the polynomial. 

(2) Equation 6 was used to interpolate each segment of the experimental data set, 
thereby generating an extended data set for use in the transformation calculations. For a 
given segment, m, covering the frequency range ,,,Xo to ,,Xm~x, the frequencies in the 
extended data set, mXl, were calculated using 

loglo(,,Xl) = loglo(,,Xo) + 0.02 • (i - 1) (7) 

where i is an integer between 0 and/max 

imax = 5 0 •  IOglo (Xmax] 
\ Xo  / 

(8) 

This generated 50 points per decade in the extended data set, spaced 0.02 log units apart, 
compared to l0 points per decade in the experimental data set. This interpolation proce- 
dure is necessary to ensure the accuracy of the transforms, which must be calculated by 
numerical methods. 

The largest contribution to Eqs 2 to 4 occurs when the denominator is small, i.e., when 
x --~ to. Since the magnitude of  the real impedance, IZ'(x)l, is largest at low frequency, 
significant error can be introduced into the calculations if the frequency resolution in the 
extended data set is too large. The use of  a logarithmic step rather than a linear one as used 
by Macdonald et al. [5] improves the accuracy of the transform by increasing the density 
of points at the low-frequency end of each segment. 

(3) The real-to-imaginary (Eq 2) and imaginary-to-real (Eq 3) transforms were evaluated 
numerically using their discrete forms (Eqs 9 and 10, respectively) [5] 
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( 2 )  x=~"~ xZ'(x) - o~Z'(~o) ax 
z ' ( t ~ )  - z ' ( ~ )  = x ..... x2 ~ 2 (9) 

X = Xrmn X 2  012 
(10) 

Ax denotes the frequency interval and Xmi n and Xma x are the minimum and maximum 
frequencies in the experimental data set, respectively; the other terms have the same 
meanings as in Eqs 2 to 4. Rp was calculated directly from Eq 11, substituting the polyno- 
mial for ;~'(x), integrating between the limits ,~Co and ,:max for each segment, and then 
summing up the results of  all segments [5]. 

x = Xmm g 

(11) 

The calculations were performed using a cubic spline integration algorithm, running in 
BASIC 5.0 on an HP 9816 computer. 

(4) The results were analyzed by comparing the transformed data with the original data, 
using a statistical error function given by [1] 

N 

100 x ~ [Zex(x) - ZzK(x)l 
AE = x=l (12) 

N • Zr.a~ 

where IZCx(X) - Z~:K(x)I represents the absolute magnitude of the difference between the 
value of the experimental impedance (Zex(x)) and that calculated via the KKT, (Zzz(x)); 
Zmax is the maximum value of the experimental impedance, and N is the number of points 
in the experimental data. 

Evaluation of Transform Algorithm 

Experimental impedance data measured for the high impedance aluminum/methanol/ 
water system typically contained two capacitive-type loops separated by an inductive-type 
loop [5]. Furthermore, the frequency distribution around the low-frequency capacitive 
loop was such that at 1 mHz (the lowest frequency at which the impedance could be 
measured in practice), only the leading arc of this loop could be discerned. This is an 
apparent violation of  the fourth criterion. 

To ascertain whether or not the KKT procedure would transform impedance data of this 
type accurately, the KKT algorithm was tested using synthetic impedance data derived for 
an electrical circuit containing two parallel RC elements and one parallel RL element, 
linked together in series (i.e., RC-RL-RC). Two cases were tested: 

(a) Using a wide frequency range, 10 -6 Hz to 104 Hz, in which all relaxations were 
fully characterized. 

(b) Using a limited frequency range, 10 -3 Hz to 104 HZ, in which the low-frequency 
relaxation was not fully characterized. 
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Case A was chosen to provide a test of the accuracy of the algorithm; Case B to test the 
ability of the transform procedure to detect the sensitivity of the transform to cases where 
the fourth criterion is not met. Case B more accurately reflects the type of impedance data 
measured at an aluminum electrode in methanol/water mixtures. 

The transformed data are compared to the experimental data in Figs. 1 and 2, for Cases 
A and B, respectively. In Case A, an excellent fit between the transformed and experimen- 
tal data was achieved, demonstrating the accuracy of the algorithm itself when presented 
with impedance data of the type described earlier. In Case B, deviations occur at low 
frequencies in both transforms: the imaginary-to-real transform (Fig. 2a) shows a small 
deviation to lower values of the impedance at low frequency. The real-to-imaginary trans- 
form (Fig. 2b) gives a smaller maximum value of the imaginary impedance of the low- 
frequency capacitive loop. In contrast, the maximum value of the imaginary impedance of 
the high-frequency capacitive loop is almost unaffected. These differences are quantified 
in Table 1. (AE is defined by Eq 12). In Case A, AE was less than 0.4 for both transforms, 
and the value of Rp calculated from the KKT deviated from its theoretical value by less 
than 0.2%. In Case B, AE was an order of magnitude larger than in Case A, particularly for 
the real-to-imaginary transform. In addition, the calculated value of Rp was 32% smaller 
than that used to generate the data. 

These cases demonstrate that the KKT procedure adopted here is capable of accurately 
transforming impedance data of the type described, and that the procedure is capable of 
detecting instances when there is insufficient data at low frequencies to characterize the 
impedance spectrum fully. The real-to-imaginary transform and the calculation of R e are 
particularly sensitive indicators in this context. 

Application of the KKT to Aluminum Electrodes Corroding in Methanol/Water Solutions 

In our impedance study of the corrosion of aluminum in methanol/water solutions, an 
extensive body of impedance spectra was recorded at various electrode potentials and at 
various solvent compositions [2]. Each series of data consisted of an initial spectrum, 
measured at the corrosion potential, Eeoc, followed by steady-state polarization to ca- 
thodic and anodic potentials. Next, a second impedance scan was measured at Ecorr. Then, 
the electrode was polarized cathodically and the impedance spectra were measured as the 
potential was stepped anodically. At the completion of this set of experiments, a final 
spectrum was measured at Ecorr. Details of the electrode preparation and other aspects of 
the experimental conditions pertaining to this study are described elsewhere [2]. 

The large body of data gathered together with the long time required to perform the 
KKT analysis (approximately 2 h per spectrum using the HP 9816; more modern comput- 
ers could undoubtedly perform the calculations more quickly, but were not available to 
this study) meant that it was not possible to test each spectrum individually. Therefore, 
evaluation of the experimental impedance data was limited to spectra selected from the 
bulk of the data as follows: 

(1) The first and last spectrum recorded in each series of experiments. 
(2) Three spectra were tested from those measured at elevated polarization potentials: 

one from each of the cathodic and anodic regimes and the third at Ecorr. 
(3) Spectra in which data scatter at low frequencies indicated a poor signal-to-noise 

ratio. 

The first and last spectra provide information regarding the initial behavior of the 
electrode and show that once it had been polarized to elevated anodic and cathodic 
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FIG. 1--Kramers-Kronig Transforms of  synthetic impedance data, calculated over an 
extensive frequency range (Case A). Synthetic data calculated for an electrical circuit 
comprising three elements connected in series: two parallel RC circuits (R~ = 254 k~, 
C1 = 5.12 txF; Re = 428 kl), Ce = 2.35 ~F); and one parallel RL circuit (R = 1000 l~; 
L = 100 kH). 
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FIG. 2--Kramers-Kronig Transforms of  synthetic impedance data, calculated over a 
truncated frequency range (Case B). Synthetic data calculated for circuit described in 
caption to Fig. 1. 
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TABLE 1--Average errors of  transformation for synthetic impedance data. 

161 

Average Error Polarization Resistance 

Imag--+Real Real---~Imag kl~ cm 2 % Deviation 

Case A 0.103 0.375 681 - 0.2 
Case B 1.2 5.2 466 - 31.8 
Theoretical . . . . . .  682 ... 

potentials. The behavior of these two spectra in the KKT process gives an indication as to 
whether or  not the four criteria were maintained throughout the course of the experiment. 
The spectra chosen from the series at elevated polarization potentials were usually in the 
mid-to-high polarization potential range, since the system was further from equilibrium 
and tended to be noisier in these cases, so that the system was less likely to obey all the 
criteria. Finally, obviously noisy spectra were tested, since the data scatter itself indicates 
that spurious electrical signals or that system instabilities may be a problem. Therefore, an 
overall picture of the validity of a series of spectra could be obtained without individually 
testing each one. 

Results and Discussion 

Figure 3 depicts typical Nyquist  plots of  the impedance of  aluminum in methanol/water 
solutions under a variety of experimental  conditions. These spectra have been chosen to 
demonstrate the results of the K K T  process for each of three types of spectra selected for 
validation as described earlier. Figures 3a to c depict spectra recorded at an aluminum 
electrode immersed in anhydrous methanol,  pure water,  and a 50 wt% mixture of the two, 
respectively.  The spectra shown were measured for an aluminum electrode maintained at 
its corrosion potential,  recorded within 24 h of its immersion in the test solution. Figures 
3d and e depict  the impedance spectra of aluminum in a 50 wt% methanol/water solution, 
at an overpotential  within each of the anodic and cathodic regimes. These spectra form 
part of the same series as the one in Fig. 3c. Time constraints here meant that the 
measurement could not be extended to frequencies below 1.3 mHz. Inspection of these 
figures reveals that a second RC-type relaxation is almost certainly present at very low 
frequency, and is not adequately characterized within the experimental frequency range. 
These two spectra are analogous to Case B for the synthetic impedance data described 
earlier. Finally, Fig. 3f depicts a spectra in which there is much data scatter at low 
frequencies. This spectrum was recorded at an aluminum electrode which had been 
immersed in anhydrous methanol for a week and marked the final spectrum recorded in 
one of the experimental  series. 

The results of the transformation of the impedance spectra in Figs. 3a, b, and c are 
displayed in Figs. 4 to 6, respectively. In these figures, Plot A compares the result of the 
imaginary-to-real transform to the real component of the experimental impedance; Plot B 
compares the result of the real-to-imaginary transform to the imaginary component of the 
experimental  impedance. In all cases, a good fit between the experimental and calculated 
data was achieved. For  each case, the value o f A E  (Eq 12) is listed in Table 2. In the case 
of the imaginary-to-real transform, A E  values less than 1.5 were obtained. A E  for the real- 
to-imaginary transform was less than 2.5. In all cases, A E  was larger for the real-to- 
imaginary transform than for the imaginary-to-real one. Table 2 also lists the value of  Rp 
calculated from various sources: that measured directly from the appropriate spectrum in 
Fig. 3; the zero-frequency extrapolation of imaginary-to-real transform (Eq 11); and that 
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FIG. 3--Nyquis t  plots o f  the impedance o f  aluminum in methanol~water solutions. 
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Frequency in Hz is denoted on the spectra. 
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FIG. 4--Kramers-Kronig Transforms of impedance data in Fig. 3a. 
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TABLE 2--Average errors of transformation and calculated values of R~ for experimental 
impedance data. 

Average Error Polarization Resistance/k1) cm 2a 

Figure I---~R R--~I Fig. 3 Eq 9 Eq 10 dev(%) 

3a 1.42 2.51 1120 1170 1160 + 3.6 
3b 0.80 1.00 20.0 20.2 19.7 - 1.5 
3c 0.54 1.24 1050 1060 1080 - 2.8 
3d 1.55 4.66 (264) ... 179 - 32 
3e 0.29 7.00 (600) _0 320 - 50 
3f 2.95 9.48 (51.9) 58.2 56.5 +8.9 

~Entries in brackets are extrapolations of the low frequency loop. 

calculated using Eq 12. The deviation in the value of Rp calculated using Eq 11 from that 
measured from Fig. 3, as a percentage of the latter value, is listed in the seventh column of 
Table 2. This deviation is relatively small, of the order 2 to 4% for each of Figs. 3a, b, 
and c. 

The transformed data for Figs. 3d and e are shown in Figs. 7 and 8. The imaginary-to- 
real transform (Figs. 7a and 8a) displays a small deviation to lower values of the imped- 
ance in the transformed data at low frequencies. AE in these cases (Table 2) is small, and 
comparable to that obtained earlier for well-behaved data. However,  the real-to-imaginary 
transforms show a significant deviation to low values of the imaginary impedance for the 
low-frequency maximum; this is manifest by a large value of AE for this transform. This 
deviation and the value of the error function are consistent with that for synthetic imped- 
ance data which has not been taken over a wide enough frequency range. Rp calculated via 
the transforms are significantly lower than those measured experimentally; however, the 
experimental values themselves had to be measured by extrapolating the lowest frequency 
semicircle over a large distance, so that these are approximations only. 

The transforms for the spectrum in Fig. 3fare  displayed in Fig. 9. Here, the imaginary- 
to-real transform behaves quite well, except at low frequency where it fails to follow the 
rapid increase in the magnitude of the experimental impedance. AE (Table 2) in this case is 
twice that of the other systems. The real-to-imaginary transform, Fig. 9b, shows significant 
deviations from the experimental data, in fact predicting a second RC-type relaxation not 
present in the experimental data and characterized by a large value of the error function. 
The predicted value for Rp in this case is similar to that measured experimentally; how- 
ever, the noisy nature of the spectrum in Fig. 3f means that the value of Rp is difficult to 
ascertain experimentally. 

Spectra which transformed as for the examples in Figs. 3a to c, exhibiting average errors 
less than 3 for both the real-to-imaginary and imaginary-to-real transforms, were consid- 
ered to pass the KKT test. If the behavior was as for Figs. 3d and e, the result was also 
considered passing, since despite the large error in the real-to-imaginary transform, the 
average error of  the imaginary-to-real transform was less than 2, and the results appeared 
to indicate that failure of  the transformation process was due solely to the lack of data at 
low frequency rather than an inherent instability in the data itself. These results do not 
extend to a sufficiently low frequency to be used to evaluate Rp, and hence cannot be used 
to calculate meaningful corrosion rate data, but nevertheless do provide valuable mecha- 
nistic information. Spectra for which the average error of transformation was larger than 3 
for both transforms, such as that shown by the case in Fig. 3f, were considered to fail the 
KKT test. 
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The results of  the application of the KKT procedure highlight various aspects of the 
experimental data which can serve as indicators of possible violations of the four criteria 
which must be met for an impedance experiment to be valid. 

The spectra in Figs. 3a to c were well-behaved at low frequency, lacked spurious noise 
effects, and exhibited good stability with respect to time, thereby permitting the measure- 
ment to be extended to quite low frequencies. Transformation of these three cases gave 
transformed data which accurately reproduced the experimental data, and gave low values 
of AE for both the real-to-imaginary and imaginary-to-real transforms. The spectra in Figs. 
3d and e show little sign of spurious noise effects and the system itself was fairly stable; 
however,  only the leading arc of the low frequency capacitive loop could be characterized 
at the minimum frequency used in this study. In this case, the imaginary-to-real transform 
was well-behaved, but significant error was generated during the real-to-imaginary trans- 
form. Finally, neither transform gave good results in the case of an obviously noisy 
spectrum. 

Conclusions 

Experimental  impedance data measured in the high impedance aluminum/methanol/ 
water system has been subjected to a validation procedure using KKT. It is apparent that: 

�9 The KKT are sensitive to cases where the impedance data contain more than one 
relaxation, including inductive-type loops; 

�9 Instances where the experimental data set contains insufficient data at low frequency 
to fully characterize the spectrum can be detected; 

�9 The real-to-imaginary transform is particularly sensitive to errors in the experimental 
data; 

�9 In general, spectra which were well-behaved at low frequency, lacked spurious noise 
effects, and exhibited good stability with respect to time transform accurately, and 
gave a small error in both the imaginary-to-real and real-to-imaginary transform; 

�9 Lack  of data at low frequency resulted in a large error in the real-to-imaginary 
transform, but the imaginary-to-real transform was accurate; 

�9 Obviously noisy spectra transform to give large errors in both transforms; 
�9 Deviations such as data scatter and lack of low-frequency data often indicate that at 

least one of the four criteria is not obeyed. 
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ABSTRACT: This paper derives the expected electrochemical impedance response of a 
corroding film-covered metal. The film is assumed to be nonelectroactive and uniform 
corrosion and transport by diffusion are considered. A generalized equivalent circuit for 
such a corroding system is presented. All terms in this equivalent circuit are defined by 
physical, chemical, or electrochemical constants of the system, which applies constraints to 
the possible values of equivalent circuit elements. It is shown that use of expressions derived 
for redox systems at their equilibrium potential can introduce significant errors in the analy- 
sis of data from corroding metals. The correlation between corrosion rate and polarization or 
charge transfer resistance is also discussed. 

KEYWORDS: electrochemical impedance response, corrosion, surface films 

The corrosion of metals in near-neutral solutions often occurs in the presence of surface 
films but the effect of these films on both the dc and ac electrochemical responses has not 
been widely discussed. The reduction in corrosion rate due to the reduced diffusion rate of  
oxygen through surface films is well known [1] and is the basis of the action of cathodic 
inhibitors but the effect of restricted diffusion of metal ions away from the surface has not 
been given much, if any, attention. 

Electrochemical impedance spectroscopy (EIS) has been widely used for the study of 
corroding metals, and data analysis is often accomplished by means of equivalent circuit 
models. The commonest  referred to is the Randles circuit [2], Fig. 1, which models the 
Faradaic part of the impedance by a charge transfer resistance in series with a diffusional 
impedance, with this branch in parallel with the double layer capacitance. This is a well 
documented rigorous approach to the impedance response of a redox system with two 
solution species, as given by Eq 1 

0 + n e -  = R (1) 

For  this reaction, assuming semi-infinite linear diffusion, the diffusional component of the 
impedance (a Warburg impedance) is given by Eq 2, with the Warburg coefficient defined 
by Eq 3 

Zrea l  ~ 0-s  Z imag  = Or(.O -1/2  

*Corrosion and Protection Centre, UMIST, Manchester MOO IQD, United Kingdom. 

(2) 
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174 ELECTROCHEMICAL IMPEDANCE 

FIG. 1--Randles equivalent circuit for an electrochemical process. 

O'=n2 ~ q- (3) 

The derivation of the expression for the Warburg coefficient, Eq 3, involves the assump- 
tion that the kinetics of  the redox process are sufficiently fast that the steady state surface 
concentrations of O and R are related by the Nernst equation. For corroding metals, where 
both anodic and cathodic reactions are often far from equilibrium, this is not generally 
true. Also, it is not immediately apparent that the circuit in Fig. 1 is applicable to a 
corroding metal interface. For such an interface, there are at least two essentially indepen- 
dent reactions occurring at the corroding metal surface, only linked by the fact that under 
free corrosion conditions, i.e., in the absence of any external current source, there must be 
no net current through the interface. Some workers have proposed modified equivalent 
circuits, generally to explain the impedance response of film covered surfaces, which do 
consider the two-electrode processes occurring, these processes appearing in parallel as 
regards an applied signal. Bonnel et al. [3] used the circuit in Fig. 2a, which considers the 
anodic branch to be represented by a charge transfer resistance with a series charge 
transfer resistance-diffusional impedance for the cathodic branch. Juttner et al. [4] used 
the circuit of Fig. 2b, which again represents the anodic branch as a charge transfer 
resistance but now considers the cathodic branch as a series combination of several 
diffusional impedances, associated with linear diffusion in bulk solution, hemispherical 
diffusion at the approach to the mouths of pores in the surface film, and in the pores. In 
this latter case no series charge transfer resistance was included in the cathodic branch. 
Both of these equivalent circuit models make the assumption that the anodic branch can be 
represented simply by a resistor. 

While both of these equivalent circuits can be used to explain the impedance responses 
observed, they both allow arbitrary attribution of numerical values to equivalent circuit 
elements, whereas in reality the anodic and cathodic charge transfer resistances must be 
related at the corrosion potential. This imposes constraints on the possible relative values 
of various circuit components which are not always apparent with an equivalent circuit 
approach. Also, the assumption that the anodic branch of the corrosion process, at the 
corrosion potential, can be modeled simply by a resistance with no diffusional elements 
has not been justified and does not appear self-evident in the case of film-covered elec- 
trodes. The assumption that there is no diffusional impedance in this branch is essentially 
the same as assuming that the reverse (metal ion to metal reduction) reaction is insignifi- 
cant, i.e., that the anodic process is far from equilibrium. If we consider iron corroding in 
neutral solution, with mass transfer controlled oxygen reduction as the only cathodic 
reaction, then with a bulk oxygen concentration of 0.00025 M (8 ppm) the surface ferrous 
ion concentration will be 0.0005 M, assuming no subsequent reactions of ferrous ions and 
equal diffusion coefficients for oxygen and ferrous ion. The equilibrium potential for the 
iron-ferrous ion system at this concentration is about -750  mV (sce). This is not very 
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(b) ~ ~  

FIG. 2--Equivalent circuits for film covered electrodes from (a) Ref 2 and (b) Ref 3. 

much lower than commonly observed corrosion potentials, especially in the presence of  
cathodic inhibitor films. Further, if diffusion of ferrous ion is more restricted than that of 
oxygen, or if there is a second, activation-controlled, cathodic reaction, such as hydrogen 
evolution from water, then the surface ferrous ion concentration will be higher than above, 
as will the equilibrium potential. Thus, it can not necessarily be assumed that the anodic 
reaction is irreversible in such systems. 

This paper considers the expected impedance response of a corroding metal surface 
without making the assumption of irreversibility of the anodic reaction. It should be 
stressed that it is not assumed here that the reverse reaction is significant, but simply that 
it should not necessarily be ignored. Equivalent circuits are developed which reflect the 
electrochemical responses and in which the numerical values of the elements can be 
related to physical (diffusion coefficients and diffusion layer thickness), chemical (bulk 
concentrations), or electrochemical (exchange current densities and Tafel slopes) parame- 
ters of the system. At the same time the dc response is also considered, and therefore the 
correlation between polarization resistance and corrosion rate. 

The systems considered here are a metal with uniform corrosion and diffusion processes 
with transport of species to and from the electrode surface solely by diffusion. The effects 
of migration or the effects of modifications to steady state concentration profiles due to 
homogeneous chemical reactions, are not discussed. The transport is assumed to be 
dominated by one diffusion barrier (i.e., solution or film), and the parameters used in most 
of the calculations assume film-controlled transport. The film is assumed not to be 
electroactive. Also, simple reaction mechanisms for the electrode processes are assumed. 
Even with these simplifications the impedance spectra calculated can be complex and 
these simplifying assumptions are not considered to fundamentally affect the relevance of 
the approach to the interpretation of  experimental data. 

Components of the Corroding System 
The system considered is a corroding metal, with allowance for the possibility of the 

metal ion to metal reduction reaction. The cathodic reactions considered are both oxygen 
reduction and reduction of  water. These three processes occur in parallel on the metal 
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surface, and so the overall impedance can be obtained from a parallel combination of their 
individual impedances, with the addition of a double layer capacitance. Initially these 
three processes will be treated individually and both their dc and ac responses will be 
considered. 

Anodic  Branch  

dc Behav ior - -Cons ider ing  a metal dissolution reaction 

M ~-- M" § + ne (4) 

If, for a simple process, the dissolution current at an electrode potential, E, is given by 

i, = io,~exp ( E  - E~  
\ 13s / (5) 

and the reverse, deposition, current is given by 

ib = i0,.Csexp 13b 

where C, is the surface concentration of metal ions, 13 s and I~ are the Tafel coefficients for 
the forward and reverse reactions, given by Eq 7 

R T  R T  
13s - (1 - et)nF ; 13b anF (7) 

and io,a and E~ are the exchange current density and equilibrium electrode potential for C, 
= 1 mol/cm 3 (this choice of concentration unit is taken to give consistency with that later 
used in the diffusion expressions). 

The net dissolution current, defined by 

ine, = b - ib (8) 

also defines the net flux (i,ot/nF) of metal ions across the metal-solution interface. Consid- 
ering the transport of  metal ions away from the metal surface to be by diffusion, then, 
under steady state conditions, this flux across the interface must equal the diffusional flux 
across the diffusion boundary layer. Hence 

in,t = nFD(C, - Cb) (9) 
8 

where D is the diffusion coefficient for metal ions, cm2/s, 8 is the diffusion layer thickness, 
cm, and Cb is the bulk concentration, mol/cm 3, of metal ions. 

Letting -q = E - ~aa then Eqs 5, 6, 8, and 9 give Eq 10. Thus, substituting Cs from Eq 10 
into Eq 9 enables the net anodic current to be calculated as a function of potential, given io, 
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the Tafel coefficients, the ratio D / 8  and 

C, = n r u  (10) 

1 +  nFDi~ exp ( -~b  ~ )  

the bulk concentration of metal ions. 
a c  B e h a v i o r - - T o  consider the response of the system to a small amplitude applied 

current or voltage the time dependence of the current needs to be considered. 
The response of a redox system with two solution species can be found in many 

standard texts and the derivation below for the corroding metal follows the approach given 
for a redox system in Ref 5. The potential is a function of the current and surface 
concentration of metal ions 

E = f ( i , C , )  (11) 

from which the response of the electrode to a time dependent perturbation is given by 

de _ (0e  g + (0e  dc, 
dt \ oi/c. dt \~-~,/, ~ (12) 

For a sinusoidal current of angular frequency to (rad/s), applied in addition to the dc 
current, the dependence of current on time is given by Eq 13 

i(t)  = iac + i ~ sin tot (13) 

where i ~ (A/cm 2) is the peak current density and idc is the value of /net under the dc 
conditions defined by Eq 8. Writing the current at a given potential as 

i=io,aexp(~) -io,aCsexp(-~) (14) 

Hence, 

( )cs =i~ /~ exp I1 

~" = ~- = Re, 13rio + 13his 

(15) 

(16) 

and differentiating with respect to "O at constant C~ we get Eqs 15 and 16, which define the 
charge transfer resistance, R ,  (12-cm~). 
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178 ELECTROCHEMICAL IMPEDANCE 

Similarly, differentiating Eq 14 with respect to -q at constant i gives 

- ( )  ( ) ( o = i~ exp "q io,~ - ~ - io,a exp 13s g + ~ C ,  exp ~bb ~bi\O'q: 

i s + ib ib (OC,~ 
(17) 

and therefore 

(OE)i (OR)i=( _~f~b_ bib 
~ = ~ \~fib + f~biS/ ~ (18) 

The other two terms in Eq 12 are the same as for a solution redox system and are derived 
in Refs 5 and 6, as shown in the following equations. Differentiating Eq 13 with respect to 
time gives 

di 
- -  = l'~ cos oJt (19) 
dt 

The final term in Eq 12 is obtained by solving 

OC(x,t) D[ O2C(x,t) ~ 
Ot \ ~ /  (20) 

where C(x,t) is the concentration of metal ions at distance x from the surface at time t. This 
can be solved by Laplace transformation [5,6] with initial and boundary conditions 

C(0,0)  = C~.,~ 

limx~= C(x,t) = Co (for all t) (21) 

OC(x,t) l i(t) 
Ox /x=O = nFD 

where Cs,dc is the steady state value of the surface concentration of metal ions, defined by 
Eq 10. 

Assuming semi-infinite linear diffusion, the solution is [5,6] Eq 22, which on differentia- 
tion gives Eq 23. 

Cs = C(O,t) = Cs,dc + nF(2Dto)u2 (sin cot - cos tot) (22) 

c /C,_  ,~ ( •  '2 
dt nF \ 2 D ]  (sin cot + cos tot) (23) 
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Substituting 16, 18, 19 and 23 into Eq 12 gives 

dE 
- -  (Rot -}- o"o,)-1/2)1'~ cos cot + 0-o)1/2/'0 sin tot (24) 

dt 

where the Warburg coefficient, or, is given by Eq 25 

0-=( [3s[3b ] ib 
\~Sib + ~biS / nF~Cs 

(25) 

Equating this to the response of a series resistor(R)-capacitor(C) circuit to a sinusoidal 
current 

dE z'0 . 
- Rl%~ cos cot + -- sin cot (26) 

dt C 

where 

1 
Zreal = R; Zimag - (27) 

toC 

enables the impedance of the system to be expressed as a series combination of a charge 
transfer resistance, given by Eq 16, and a Warburg impedance such that 

Zreal = Re, + Zd,real = Rc, + 0-co J;2 

Zimag = Zd,imag ~ 0-(0-1/2 
(28) 

The expression for 0- is different from the expression given in Eq 3 for a redox system 
with two solution species perturbed about its equilibrium potential, although the expres- 
sion in Eq 3 has been used for corroding systems [7]. 

However ,  for a system where the reduced species is a metal, the second term in 
brackets in Eq 3 is zero, and if we introduce the equilibrium condition, i s = ib, Eq 25 
reduces to Eq 3, since 

[3r = __RT (29) 
13S + 13~ nF 

For  a corroding metal, not at the equilibrium metal-metal ion potential, the use of forms 
of Eq 3 can introduce significant errors in the determination of physical constants from 
impedance spectra. 

If  the diffusion layer is of finite thickness, 8, such that at distance ~ from the surface the 
concentration of diffusing species is fixed, then, at low frequencies, the diffusional imped- 
ance deviates from the straight line in the Nyquist plot predicted by Eq 28 [8]. The real and 
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imaginary parts of the diffusional impedance are then given by Eq 30 [8]. 

where 

/ sinh (u) + sin (u) \ 
ZD ~ = ~ o , -  ''~ / | 

�9 \ c o s h  (u) + cos (u)/  

ZD im = cro~- l/2 ( sinh (u) - s in ( (2 ) )  
' \ c o s h  (u) + cos 

(30) 

u = ~ (31) 

The low-frequency limit of  the diffusional impedance (Eq 30 as u tend to 0) is such that 
Zim~g = 0 and the real impedance is given by Eq 32 or 33 

I'2 

Zo,o-o = trb (32) 

\ ~ :i-~ + -~ bi : / \ n'~--~, ] 
(33) 

If  we now consider the case where the bulk concentration of metal ions is very small, as 
commonly true for corroding metals, then Eqs 9 and 33 give Eq 34 

\~ f ib  + ~biS] lnet /net 
(34) 

Equating the low frequency limit of the impedance with the polarization resistance gives 
Eq 35. The values of  Rp, calculated from Eq 35, are identical to 

if 
R. = Re, + Z ~ o  = Rc, 7-- (35) 

/net 

those obtained by numerical methods from the slope of the dc curves calculated according 
to the Eqs 5 through 10. 

Figure 3 shows the products inet'Rc, and i.o,'R n against potential for D/~ = 0.00001 cm/s, 
with other parameters  as given in Table 1. It can be seen that it is Rp and not R ,  that 
should be used for determination of corrosion rate, but even inet'Rp shows some variation 
with potential. This variation in i,~t.Rp is due to the two limits of Eq 35. Rewriting Eq 35 as 

then 

inetRp = ~f~b  is 
~yib + ~biS 

(36) 

as ib -'-> 0 inetR p --> f~: (37) 
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FIG. 3--Var ia t ion  o f  i,et'Rp and i .e , 'R,  with potential for  the anodic process with D/~ -- 
0.00001 cm/s. Other parameters  as Table 1. 

and 

as ib ---> is i.etRp --> ~sfAb (38) 
I~s + 13~ 

Overall, the ac response of this anodic reaction is given by a series combination of a 
charge transfer resistance and a diffusional impedance. Both the charge transfer resistance 
and the polarization resistance are defined by E, io, the Tafel coefficients, and the ratio 
D/~, and these also define the net dissolution current. However, to define the frequency 
response of the system we also need to define 8/~/D, and as a result of this the impedance 
spectra can vary significantly even if the low frequency resistance and hence net dissolu- 
tion rate remain constant. As will be seen later, the effect of decreasing the ratio ~/X/D is 
to shift the contribution of the diffusional impedance to higher frequency, to the extent 
that the charge transfer resistance may become hard to distinguish in the spectra. 

TABLE l--Parameters used for calculations. 

E~ -0.32 
io, a 0.01 A/cm 2 
~s RT/F 
I% RT/F 
E~ 1.23 
io,ox 4 x I0- l0 A/cm 2 
Box 2RT/F 

0.00 
io, h 5 • 10 -li A/cm 2 
~h 2RT/F 
Cox.bul k 2.5 x 10 -7 mol/cm 3 
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The Ca thod ic  R e d u c t i o n  o f  O x y g e n - - F o r  the reaction 

02 + 2H20 + 4e --~ 4OH (39) 

neglecting the reverse reaction, oxygen evolution, the current may again be given by the 
standard electrochemical kinetic equation [5] 

io~ = io.oxC . . . .  exp 13ox 

and in the same manner as before Eqs 41 and 42 result 

R . . . . .  _ Box (41) 
iox 

trox - 13ox (42) 
4F 2X/~oxC . . . .  

Equation 42 could also be obtained from Eq 25 with ir = 0. The low frequency limit of the 
diffusional impedance is again given by Eq 32, which here gives Eq 43 

Zo. . ,~o = Box ~ (43) 
4 F D C  . . . .  

The limiting diffusion current, ilim is given by Eq 44 

/lira -- 4FDCbulk (44) 

and the dependence of surface concentration on current by Eq 45 

Cbulk -- C . . . .  _ iox8 (45) 
4FD 

Combination of 40, 44, and 45 give an alternative expression for the dc current 

�9 " - - ~ x ) )  
i ox=  l o , o x ( 1 - -  i~im)CbulkeXp(  (E~o x . (46) 

From 43 to 45 it follows that 

Z n , ~ o  - f3ox (47) 
i l i m -  iox 
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and that 

Rp,ox - Box ilim 
io--~ (ilim ~ iox) (48) 

The value of  Rp for this reaction tends to infinity as the current approaches the limiting 
current. In this case it is the charge transfer resistance that gives information about the dc 
current and not the polarization resistance. 

Hydrogen  Evolut ion f r o m  Water  

Again, assuming a simple reaction mechanism, the rate of this reaction is given by Eq 49 

in = io.nan2oexp ( (E - E~ (49) 

and if it is assumed that the presence of  surface films does not affect the activity of water 
at the surface and a H20 - 1, i.e., dilute solutions, this reaction has a charge transfer 
resistance given by Eq 50 and no diffusional impedance 

R c , . n -  13n (50) 
in 

Calculated Responses of Corroding Metal Surfaces 

The equivalent circuit for a corroding interface, considering the three aforementioned 
reactions is given by Fig. 4, although the contributions of the various components will vary 
depending on the detailed corrosion mechanism. 

Consideration of a metal at its corrosion potential introduces an additional constraint not 
yet considered, that there must be no net current through the interface. In the case here 
this can be expressed as 

i: - ib = iox + iH = icorr (51) 

It is interesting to note that for the equivalent circuits of Fig. 2, where both ib and in are 
assumed to be zero, Eq 51 reduces to i: = iox = ico~r. In this case it follows that 

FIG. 4- -Equ iva len t  circuit f o r  the corroding interface considered here. 
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R . . . . .  I~:  io~ _ ~ s  

R..o~ i:f~ox f~o~ 
(52) 

and so the two resistances are related and since typically 13ox will be of the same order as 13y 
the cathodic charge transfer resistance cannot be greatly different from the anodic. It is 
necessary in the use of this simplified equivalent circuit to introduce this constraint. The 
circuits of Fig. 2 shows a diffusional impedance only if the oxygen reduction reaction is 
under mixed control and the resistance associated with the low frequency time constant 
cannot be significantly greater than the high frequency resistance. 

In the equivalent circuit here, if either ib or in are significant, this simple condition is 
removed. 

To illustrate the types of dc and ac response obtained from the system considered here 
numerical values are needed for exchange current densities and Tafel slopes. The values 
taken here are given in Table 1. With these values the oxygen reduction current is under 
mass transport control in the vicinity of the calculated corrosion potentials. 

Initially it will be assumed for the purposes of these calculations that the diffusion 
coefficients for oxygen and metal ions are equal, which is generally approximately true in 
dilute solution but may not be for diffusion through surface films. Also the following 
calculations assume a uniform corrosion process. 

The dc behavior is shown by the calculated (from Eqs 5, 6, 10, 46, and 49) polarization 
curves in Fig. 5 for different values of D/8. These curves are similar to those obtained for 
corroding iron under static conditions, and correspond to no surface film (D/8 = 0.001 
crn/s) and approximately 90% (0.0001 cm/s) and 99% (0.00001 cm/s) inhibition of the 
oxygen reduction reaction. The partial currents for D/8 = 0.00001 cm/s are shown in Fig. 
6. The polarization resistances for different values of 8/D, with corrosion potentials, 
corrosion rates and Stern-Geary constants (= ico,.Rp) are given in Table 2. 

It should be noted that there are two reasons for the variation of these Stern-Geary 
constants. The first, already mentioned, is the varying influence of the reverse reaction 
under the different conditions, and the second, which occurs even without this reversible 

0.01.= 

0.001 . + /  

"~ "'e--~.. ,\7 / V '~ 1E-06 "" " 

~ I t 1 E-07 

1 E-08/ . . . . . .  
-0.9 -0.85 -0.8 -0.75 -0.7 -0.65 -0.6 -0.55 

E (sce) 

FIG. 5--dc  current density-potential curves for: (a) D/8 = 0.001 cm/s; (b) DIS = 0.0001 
cm/s; (c) D/8 = 0.00001 cm/s. Other parameters as Table 1. 
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FIG. 6- -Par t ia l  current densities corresponding to Curve (c) in Fig. 5. 

anodic reaction, is that hydrogen evolution becomes relatively more important as the film 
becomes less permeable. 

With the aforementioned values for the individual Tafel slopes and using Eq 53 to give 
the overall polarization resistance, then 

1 1 1 1 - - -  - -  + + -  (53) 
Rp,tot Rp,a , ,  Rp ,o~  Rp,H 

for an irreversible anodic reaction with mass transport limited oxygen reduction as the 
cathodic reaction a value of RT/F (25.6 mV) is expected, Eq 26. In the limit (i s and ib >> i,e,) 
the reversible anodic reaction with the same cathodic reaction gives a value of RT/2F 
(12.8 mV), Eq 27. However if the reduction of oxygen is sufficiently hindered that hydro- 
gen evolution becomes the dominant cathodic reaction then the corresponding values are 
2RT/3F (17.1 mV) and 2RT/5F (10.2 mV). The third case is not seen but the others 
correspond to values of ~/D of 103, 105 and 107 in Table 2. The fact that even within a given 
system the growth of a surface film with time may cause the Stern-Geary constant to 
change, because the detailed reaction mechanism changes, obviously has implications in 
the use of linear polarization to obtain accurate corrosion rates, and the same qualifica- 
tions must also apply to the use of polarization resistances obtained from impedance 
measurements. 

TABLE 2--Effect o f  varying film permeability on dc behavior. 

log, ~/D Ecorr i . . . .  A/cmZ Rp, f~-cm z ico~*R p 

3 -0.684 9.61e-05 265 25.4 
4 -0.734 1.03e-05 1911 19.7 
5 -0.741 1.75e-06 7124 12.5 
6 - 0 .726 6.79e-07 15 808 10.7 
7 - 0 .704 3.89e-07 26 654 10.4 

Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



186 ELECTROCHEMICAL IMPEDANCE 

ac B e h a v i o r  

The spectra here are calculated for the corrosion potential. This is determined by 
solving Eqs 9, 10, 46, and 49 with the free corrosion condition defined by Eq 51. The 
impedance at each frequency is then calculated by summing the admittance of the four 
parallel branches, essentially by calculating the values of equivalent parallel resistors and 
capacitors for each branch, then summing the capacitances and the inverse of the resist- 
ances to obtain one equivalent resistor-capacitor parallel combination. From this the 
impedance at the given frequency was calculated. This was carried out with a Turbo 
PASCAL (Borland) program on an AT-compatible personal computer. 

The impedance spectra depend not only on the ratio D/~ but also on X/D/~, and on the 
value chosen for the double layer capacitance. Figure 7 shows the impedance spectra for 
systems corresponding to the polarization curves in Fig. 5, with a double layer capacitance 
of 201xF/cm 2 and with the value of B/X/D fixed at 3.16. This corresponds to values of D of 
10 -5, 10 .-7 and 10 -9 cm2/s with values of ~ of 0.01, 0.001, and 0.0001 cm, respectively. It 
can be seen that the impedance response for the former case, which approximates to film- 
free conditions, shows little diffusional effect. However, even slightly restricted diffusion 
introduces a second time constant into the spectrum, and the lower the permeability (D/g) 
of the film the more significant the low frequency (diffusional) impedance becomes. 

Figure 8 shows the impedances of the anodic branches alone, with a double layer 
capacitance of 20 i~F/cm z, for the same conditions as Fig. 7. Comparison of Figs. 7 and 8 
shows that the impedance of the anodic branch dominates the overall spectrum. In the 
presence of surface films the overall polarization resistance, Fig. 7, is slightly lower than 
that for the anodic process, Fig. 8, due to the parallel hydrogen evolution charge transfer 
resistance. With the mass transport limited cathodic reduction of oxygen this reaction path 
has a sufficiently high impedance to have almost no influence on the total impedance. 

These spectra are all for a fixed value of ~/X/D but variation of this also affects the 

10= 1 . 

I . i B "--.. I I  I 

I /-'----"I__/ \I 

I: o 
-4 -3 -2 -1 0 1 2 3 

log freq (Hz) 

FIG. 7--Bode plots of impedance response of corroding interface with varying D/~, 
f i x e d  ~/X/D. (A) D = 10 5 cm2/s, ~ = 10-2 cm; (B) D = 10 -7 cm2 / s ,  ~ = 10 -~ cm;  

(C) D = 10 -9 cm2/s, ~ = 10 -4 cm.  
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FIG. 8 1 B o d e  p lo t s  f o r  i m p e d a n c e  o f  anodic  p roces s  with all condi t ions  as in Fig. 7. 

impedance. Figure 9 shows the impedance spectra at the corrosion potential for D/~ = 
10 5 cm/s ~ for various values of D (10 7 to 10 -H cm2/s-~), corresponding to film thick- 
nesses of 0.01 cm to 10 nm, and with a double layer capacitance of 20 txF/cm 2. 

It should be stressed that for all the plots in Fig. 9 the charge transfer resistances (R,.a 
= 1342 lq-cm 2, R ..... = 53 210 l)-cm 2, Rct,h = 65 240 fl-cm2), the overall polarization 
resistance (7124 f~-cm2), the corrosion potential ( -741  mV sce) and the net dissolution 
rate (1.75 ixA/cm 2) are the same. The differences arise from changes in the Warburg 

5000. 

4500. 
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0"~" . . . . . . .  " 
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FIG. 9 - - N y q u i s t  p lo t s  f o r  corroding in ter face  with D/~ = 0.00001 cm/s.  (a) ~ = 10 -6 
cm; (b) 6 = 10 - s  cm;  (c) 6 = I0  -4 cm;  (d) 6 = 10 -3 cm; (e) 6 = 10 2 cm.  
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TABLE 3--Parameter values for plots in Fig. 9. 

o- (anodic), 
D, cmZ/s 8, cm 8/~/D, s l/z ~-cm 2 

10 -ll 10 -6 .316 14 900 
10 -1~ 10 -5 1 4710 
10 9 1 0  - 4  3.16 1490 
10 -s 10 -3 10 471 
10 -7 10 -2 31.6 149 

coefficients, especially that due to the anodic process, and ~/'x/D, as shown in Table 3. The 
effect of 8/'x/D on the impedance spectrum is shown by the plot of Zim,g against frequency 
in Fig. 10, for the same conditions as Fig. 9. 

Figure 11 shows the Nyquist plots for D/~ = 10 -4 cm/s, with the same range of film 
thicknesses. 

Thus, in the presence of surface films which restrict diffusion the reversibility of the 
anodic process generates two time constants in an impedance spectrum. The high fre- 
quency response is due to the charge transfer resistance-double layer capacitance combi- 
nation, and the lower frequency one is due to diffusional effects. The charge transfer 
resistance in this case relates to the exchange current density of the M/M "+ system and not 
to the net dissolution rate. Even with the same film permeability and corrosion rate the 
impedance response is markedly dependent on the film thickness. This arises since the 
angular frequency where the imaginary diffusional impedance is maximum is proportional 
to O/~  2 (approximately 2.5 D/~ 2 s-1) [7]. With the thinnest films, e.g., Fig. 9a, the diffu- 
sional impedance occurs at sufficiently high frequency that the Nyquist plot appears to be 
a single semicircle. The plot in Fig. 10a shows only a slight deviation from that expected 10000~, 

10 

Frequency (Hz} 
FIG. lO--lmaginary impedance against frequency for plots in Fig. 9. 
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FIG. 11--Nyquist  p l o t s  f o r  c o r r o d i n g  i n t e r f a c e  w i t h  D/8  = 0.0001 c m / s .  (a) ~ = 10 6 
c m :  (b) ~ = 10 -5 c m ;  (c) ~ = 10 -4  c m :  (d) ~ : 10 J c m ;  (e) ~ = 10 -e  c m .  

for one semicircle and it is doubtful if this could be detected with experimental measure- 
ments. With thicker films two features are resolvable and eventually the diffusional imped- 
ance occurs at sufficiently low frequency that the limited diffusion length effect is not seen 
in the frequency range usually studied, Fig. 9e. In this latter case the corrosion rate would 
not be available from the impedance data. 

The conditions for Fig. 9b are not untypical of those for cathodic inhibitors (Rp around 
10 000 fl-cm 2 with a 100-nm-thick film), although some effective cathodic inhibitors will 
give higher Rp with thinner films than this, and similar impedance spectra are often 
obtained. Typically spectra obtained in the presence of surface films show features pre- 
dicted by the calculations here. First, the Nyquist plot is depressed in the high frequency 
region and second the capacitance calculated if one depressed semicircle were assumed is 
higher than typical double layer capacitances, the first may have other explanations (sur- 
face roughness, porous conducting films, etc.) but arises here from the overlap of the two 
time constants. The second arises here because the calculated capacitance has a significant 
contribution from the "capacitance" of the diffusional impedance. 

The effect of allowing the metal ion diffusion coefficient to vary with a fixed oxygen 
diffusion coefficient is shown in Fig. 12. The shape of the Nyquist plot changes considera- 
bly as does the low frequency intercept, even though the corrosion rate only varies by less 
than 5% in these calculations, as shown by the data in Table 4. 

Conclusions 

It has been shown that in neutral solutions, under conditions where diffusion is re- 
stricted by surface films, allowance for the reversibility of the anodic reaction may 
significantly affect the calculated impedance spectra. 

A general equivalent circuit has been developed for the corroding interface in which the 
numerical values of  the components are related to physical, chemical, and electrochemical 
parameters of  the system. 

With only slightly restricted diffusion, as compared to bulk solutions, the reversible 
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FIG. 12- -Nyquis t  plots fo r  corroding interface for  different diffusion coefficients 
(Din) f o r  metal  ions with Dog = 10 -s cm2/s and ~ = 0.0001 cm. (A) D,,, = 10 -7 cme/s; 
(B) Dm = 10 -8 cm2/s; (C) D m =  10 -9 cm2/s; (D) Dr. = 10 -1~ cm2/s. 

anodic reaction gives rise to two time constants in an impedance spectrum. The first of 
these relates to the kinetics of the reversible metal-metal ion reaction in parallel with a 
double layer capacitance and the second arises from a finite length diffusional impedance. 

It has been shown that the low frequency limit of the impedance relates to the corrosion 
rate, although the "cons tan t"  depends on the detailed reaction mechanism and will change 
as surface films develop. This clearly has implications for the use of both dc and ac 
techniques for corrosion rate measurement.  In principle it is possible to get more accurate 
corrosion rates from impedance than from dc methods in these systems. Equations 16, 34, 
and 35, for the charge transfer, polarization and diffusional resistances associated with the 
anodic reaction lead to the expression for the net dissolution rate in Eq 54. 

1 _ (~s + ~b)Rp + Rc____~t (54) 
i.~t [3s13b [3b 

Consideration of the reversibility of  the anodic reaction enables prediction of the depres- 
sion of  the high frequency region of  the "semicirc les"  in the Nyquist  plots and the 
occurrence of large "capac i tances ,"  both of which are commonly seen in practice, 

TABLE 4~Parameter values for plots in Fig. 12. 

Er i . . . .  Rp, i~o~*Rp, 
log, Dm mV/sce i.~m/cm 2 ~-cm 2 mV 

- 7  -0.740 10.4 2277 23.7 
- 8  -0.734 10.3 1911 19.7 
- 9  -0.715 10.1 1520 15.4 

- 10 -0.690 9.93 1371 13.6 
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These conclusions arise from a relatively simple system. Full explanation of impedance 
spectra in neutral solutions requires that we allow for more complex systems, including 
some or all of factors such as nonuniform films (and thus localized corrosion processes),  
variation of the relative values of diffusion coefficients through films as compared to in 
solution, homogeneous chemical kinetics (e.g., ferrous ion-oxygen reactions), effects of 
surface pH changes on electrochemical kinetics, and transport by migration. Some of 
these will be considered in subsequent papers but it is felt that consideration of the simple 
system here contributes to understanding of the impedance responses commonly observed 
in neutral solutions. 
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ABSTRACT: Detailed kinetic models are not often available to predict the efficacy of 
inhibitors of iron corrosion in water at near neutral pH from electrochemical impedance 
spectra. Circuit models offer a way of using the spectra to estimate corrosion and of making 
practical conclusions about the mechanism in the absence of kinetic models. Circuit ele- 
ments estimated from regression of the models against the impedance spectra are shown to 
provide information for the estimation of corrosion rates and for insights into corrosion 
behavior. However, simultaneous agreement between calculated and measured impedance 
spectra, and between predicted and measured corrosion rates, does not necessarily mean 
that the circuit model is a unique representation of the spectra. Results are presented that 
show that similar values of the circuit elements can be obtained from regression of two 
different models against the measured spectra. 

KEYWORDS: electrochemical impedance spectroscopy (EIS), polarization resistance, cor- 
rosion, modeling, inhibitor, iron, steel, amino-trimethyl phosphonic acid (ATMP), circuit 
models, corrosion rate, velocity, rotating cylinder electrode 

Evaluation of corrosion inhibitors for steel is of practical importance because of the 
ubiquitous use of steel in contact with a number of corrosive environments. One important 
application area is the protection of steel during containment and transport of aqueous 
solutions at near neutral pH (5 < pH < 9). The ability to rapidly evaluate and screen 
inhibitors for this type of application is important in order to choose an appropriate 
inhibitor quickly. 

Numerous workers have shown that electrochemical impedance spectroscopy (EIS) can 
be applied successfully to the evaluation of corrosion inhibitors in acid solutions [1-3]. Far 
fewer studies have been reported on the use of EIS for rapid evaluation of corrosion 
inhibitors for steel in water in the near neutral pH region. As inferred from a number of 
recent papers [4-I0], the major problem is lack of a clear understanding of the mechanism 
by which the inhibitor interacts with the three-dimensional oxide layer that forms on iron 
or steel at near neutral pH. Lorenz and Mansfeld have discussed that one reason for this 
paucity in knowledge is the difficulty in measuring the inhibition kinetics by electrochemi- 
cal or nonelectrochemical means [5]. These kinetics depend in a complex manner on 
exposure time, properties of the surface layers, and hydrodynamic conditions. From a 
practical standpoint, this complexity means that any technique used to screen corrosion 
inhibitors for this application must be able to provide reliable estimates of corrosion rates 
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and indications of the relationship among those corrosion rates and the environmental 
variables, all in the absence of a priori knowledge about the degree of importance of many 
of the variables themselves. 

In a recent evaluation of corrosion of steel in an inhibited waste stream, the electro- 
chemical impedance technique was shown to be very powerful for predicting corrosion in 
the absence of a definitive understanding of the corrosion mechanism [11]. Analysis by 
curve-fitting to analogous circuit models was shown to be extremely powerful for ex- 
tracting the polarization resistances (and corrosion rates) from the rather complex imped- 
ance spectra in the absence of a kinetic model. The estimated corrosion rates were shown 
to be valid indicators of observed electrode mass loss and in-plant corrosion. The in-plant 
results showed that corrosion decreased after the process changes recommended from the 
electrochemical impedance results were implemented [12]. This agreement means that the 
electrochemical impedance technique can be used to perform practical evaluations of steel 
corrosion in inhibited, aqueous environments having a pH near 7 even if the corrosion 
mechanism is not known and the environment is not well-characterized. 

One of the factors that complicates evaluation of corrosion inhibitors for steel is hydro- 
dynamic conditions. As shown by Mahato et al. [13], not only does the mass transfer rate 
of oxygen which often controls corrosion in this system increase with flow rate (agitation), 
but at a constant flow rate the rate of mass transfer to the corroding interface can actually 
decrease. The oxide/hydroxide corrosion product layer can decrease the rate of transfer of 
oxygen from the fluid/surface boundary to the steel below the surface [6,7]. In the pres- 
ence of an inhibitor, this deleterious effect of fluid velocity on corrosion rate can be greatly 
diminished or can even disappear [5,10]. There are also indications that adding the inhibi- 
tor while the fluid is in motion can decrease the amount of inhibitor required to passivate 
the surface relative to that which would be required if the addition is made in a stagnant 
fluid [14]. Fluid motion must be included as a variable when evaluating corrosion inhibitors 
for steel. As discussed elsewhere, the rotating cylinder electrode can provide information 
that can be used to make predictions in other flow geometries [15]. Combining the electro- 
chemical impedance technique with the rotating cylinder electrode should enable practical 
corrosion predictions to be made under dynamic conditions. 

The work in this paper was undertaken to examine the effectiveness of combining EIS 
with the rotating cylinder electrode for rapid (order of days) screening of corrosion inhibi- 
tots in aqueous systems at near neutral pH. The inhibitor chosen is DEQUEST | (Regis- 
tered Trademark of Monsanto Company) 2000 (amino trimethyl phosphonic acid or 
ATMP). The mechanism by which this material can inhibit corrosion of steel is unclear but 
the compound has been shown to decrease corrosion of steel [8,10,16,17]. The goal of the 
paper is to illustrate how EIS could be used for such evaluation, the type of information 
that might be acquired, and ambiguities that might arise when the only way to analyze the 
data is through the use of circuit analogues. 

Experimental 

The experimental arrangement and algorithm for deriving the spectra have previously 
been discussed in detail [16] and are only summarized here. The experiment is guided by a 
Hewlett-Packard 9816S microcomputer with the impedance spectra being measured by a 
Solartron 1250A Frequency Response Analyzer and a PAR 173D potentiostat with 276 
programmable interface. The algorithm first optimizes the gain of the potentiostat every 
half-decade by finding the maximum gain of the potentiostat that does not cause a current 
overload. This gain is implemented at each half-decade of frequency during the measure- 
ment. The minimum gain (1 gl) is used between 10 kHz and 100 Hz. The potentiostat filter 
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is activated below 0.5 Hz so that only one sine wave is needed at each frequency below 
that point. The excitation amplitude for these experiments was 5 mV. Polarization resist- 
ances were estimated for some of  the conditions by dc type of measurements to compare 
to those estimated by modeling of the impedance spectra. The method of generating and 
analyzing these dc curves has been discussed in detail elsewhere [16]. Some of the curves, 
especially those generated in the presence of the inhibitor, were analyzed by assuming that 
the voltage versus current curve is a straight line over this - 20 mV range. A straight line 
was fit through the points and the polarization resistance was assumed to be the slope. 

The electrochemical cells used in the static and dynamic (rotating cylinder electrode) 
studies are described in detail elsewhere [16,18]. The rotating cylinder electrode was 
maintained at 200 r/min except for short durations (about 1 h each) at 1000 r/min and 
2000 r/min. The electrode was allowed to rotate at the higher speeds for about 0.5 h before 
generating spectra to 0.01 Hz at those rates. These additional rotation rates were used to 
examine the sensitivity of  corrosion to fluid motion. Spectra were generated to 0.001 Hz at 
200 r/min. Rotation was begun immediately upon immersion of the electrode. Tempera- 
tures of 35~ and 80~ were used in the dynamic tests and temperatures of 35~ and 70~ 
were used in the static tests. 

The aqueous environment was an aggressive water composed of 0.088 g/l Ca +2 added as 
CaSO4.2H20, 0.024 g/1 of  Mg +2 added as MgCI2.6HzO, 0.040 g/1 of HCO~ added as 
NaHCO3, and 0.328 g/1 SO42 added as  N a 2 S O  4. Deionized water and ACS reagent grade 
salts were used. The pH was adjusted with reagent grade HC1 to a pH of 7. The steel used 
for both types of  experiments was UNS G10180. The electrodes were sanded with 600 grit 
silicon carbide paper.  The chloride concentration was increased to 1000 ppm by weight in 
the static studies. The DEQUEST 2000 was product grade added at 30 ppm active material 
by weight in the dynamic studies and 50 ppm by weight in the static studies. 

Analysis of Impedance Spectra 

The impedance spectra were uploaded to an IBM mainframe. The spectra were analyzed 
using the first two circuits shown in Fig. 1. Analysis using the last circuit is discussed later. 
The subroutine used to estimate the circuit elements performs a nonlinear regression of the 
data against the equations which describe the circuit. The sum of the squares of the 
residuals is minimized automatically between the calculated and actual impedance spectra 
in real and imaginary coordinates. How well the model fits is judged by overlaying the 
impedance spectrum calculated from the model and that measured. Merely showing that 
the sum of the squares of the residuals is minimized for the function chosen does not 
necessarily mean that the function represents the data adequately. In addition, some of the 
spectra were analyzed using EQUIVCRT by Boukamp [19]. Only minor differences were 
found among the results from the two algorithms. 

Circuit 1 in Fig. 1 models one relaxation time constant. This circuit is usually used to 
represent a single charge transfer reaction. Circuit 2 models two relaxation time constants 
and is often used to represent an imperfectly covered electrode as might be found with an 
inhibitor or imperfect coating. This circuit could also model a mechanism with an adsorbed 
electroactive intermediate [3]. Circuit 3 also represents two relaxation time constants. Use 
of this circuit is discussed later. The first two circuits were used to model most of the 
spectra. All of  the models allow for dispersion of the time constants by means of the term 
(jto~)~ where to is the frequency in rad/s, ~ (equivalent to RC, resistance times capacitance) 
is a time a constant of  the process being affected by the excitation, and 13 is a phenomeno- 
logical exponent expressing degree of  dispersion of the time constant. It usually lies 
between 0.5 and 1 (1 being no dispersion). The maximum number of adjustable parameters 
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FIG. 1--Circuit elements used to model the impedance spectra. 

is three for Circuit 1 and six for Circuits 2 and 3. The solution resistance was estimated as 
the intersection of each spectrum with the real axis at high frequency. The value was kept 
constant during the regression analysis. The solution resistance was about 50 -- 10 O-cm 2 
in all cases. 

Results 

Slow drift of the corrosion potential can be a problem when making electrochemical 
measurements of steel in aqueous solutions at near neutral pH [5,10]. In the case of these 
studies, the corrosion potential was found to reach steady state after about 24 to 36 h of 
immersion. Therefore, the impedance spectra obtained at or after 48 h of immersion can 
be reasonably assumed not to contain possible instability artifacts (nonlinearities) caused 
by a drifting corrosion potential; that is, all of the data in any one spectrum should 
correspond to the same corrosion process at least when the lowest frequency is 0.001 Hz. 
Spectra obtained before steady state was reached had to be examined carefully to elimi- 
nate such artifacts. Those portions of the spectra that seemed to be affected by drift of the 
corrosion potential were ignored in the analysis. 

Figures 2 and 3 show examples of the electrochemical impedance spectra for steel in 
water at 80~ at a pH of 7, and at 200 r/min. Figure 2 shows the spectrum without 
DEQUEST 2000. Figure 3 shows the spectrum with 30 ppm of DEQUEST 2000 added. 
Only the Bode format is shown. The figures demonstrate the amount of agreement be- 
tween the models and the actual spectra. The corrosion rates estimated from models of the 
impedance spectra and those estimated from mass loss of the same electrode used for the 
electrochemical measurements are shown in Table 1. The time-averaged corrosion rates of 
the electrodes derived from the impedance spectra were estimated by assuming that the 
resistance associated with the corrosion rate measured at a given time remained constant 
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DEQUEST 2000 at 80~ after 65 h o f  exposure. Modeled using Circuit 2 in Fig. 1. 
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TABLE 1--Corrosion rate of  steel in aggressive water solutions. 

197 

Time-Averaged Corrosion Rate, 
mm/year 

Conditions Temperature. ~ Impedance Mass Loss 

Dynamic-- 35 0.86 1.3 
uninhibited 80 1.8 2.5 

Dynamic-- 35 0.04 0.089 
30ppm DEQ 2000 80 0.10 0.14 

Static-- 35 0.50"* 0.22"* 
uninhibited* 70 0.51 0.41 

Static-- 35 0.043"* 0.020"* 
50ppm DEQ 2000* 70 0.043 0.051 

*The water solution for these cases was the same as that shown in the experimental section except 
that the chloride ion concentration was 1000 ppm by weight. 

**From Ref 11. 

until the next change in rotation rate. For the inhibited systems, the polarization resistance 
changed quickly over the first 24 h and then much more slowly for the next 24 h. The 
reciprocals of the appropriate resistances measured at 200 r/min were fit to a polynomial 
function of time and that fitted function was time-averaged by integration. The resistances 
measured at various rotation rates were included in the estimate of corrosion for the 
uninhibited solutions because of the large effect that fluid velocity had on corrosion in that 
system. 

Spectra for steel in uninhibited water at 35~ had two relaxation time constants after 
about 24 h of exposure. The resistance associated with the capacitive element that relaxes 
at high frequency was used for the estimate of the mass loss shown in Table 1 for this 
system. The reasons for using this circuit element are discussed in detail later. The value 
of B was assumed to be 0.025 V for the uninhibited system and 0.05 V for the inhibited 
system, independent of temperature. Neither value is unreasonable for steel corrosion in 
aqueous media [20]. The value of 0.025 V might be expected to underestimate the corro- 
sion rate because the value may increase above that value with time [16]. In addition, 
Duprat et al. [10] have estimated values of 0.033 V in the absence of inhibitor and 0.064 V 
in the presence of an inhibitor comprised of 1 g/L of ATMP and oleylamino acid. Their 
water contained 200 mg/L NaC1 with no other ions. These values are similar to those 
assumed in this study. The measured current in the presence of the inhibitor was near the 
noise threshold of the system for dc type of measurements. Note that in view of these 
assumptions, the agreement in Table 1 is reasonable. 

The effect of fluid velocity was examined by plotting the reciprocal of the resistance as a 
function of time and rotation rate. The results when the inhibitor was included are shown 
in Fig. 4. Two time constants were observed for the inhibited system at both temperatures 
in agreement with previous results [8,10,16]. However, as discussed later the high-fre- 
quency time constant is not believed to be related to the charge transfer resistance when 
the inhibitor is present but to some other process. The resistance associated with that time 
constant was almost independent of rotation rate but was slightly dependent on exposure 
time and temperature. Therefore, only the resistance associated with the low-frequency 
time constant is included in Fig. 4. 

Table 2 shows the comparison of the resistances estimated from the dc measurements 
and the electrochemical impedance technique for the experiments run under dynamic 
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FIG.  4--Reciprocals of  resistances estimated from impedance spectra for steel in water 
containing inhibitor as a function of time and rotation rate. 

TABLE 2--Comparison of polarization resistance measurements* (dynamic conditions only). 

Estimated Polarization Resistance, 
O-cm 2 

Rotation 
Temperature Rate, RPM Impedance DC Technique 

Uninhibited, 35~ 200 429 & 449 930 
200 434 & 329 795 
200 205 & 550 1021 
200 143 & 1040 1020 

Uninhibited, 80~ 200 205 187 
200 232 208 

1000 138 128 
200 199 215 

30 ppm 200 1.16 • 104 1.13 x 104 
DEQUEST 2000, 200 1.78 x 104 1.44 • 104 
35~ 200 2.02 • 104 1.68 x 104 

1000 2.52 x 104 1.72 x 104 
200 2.43 x 104 1.89 x 104 

30 ppm 200 3.11 • 103 3.75 X 10 3 

DEQUEST 2000, 200 1.12 x 104 6.14 • 103 
80~ 200 1.33 • 104 6.59 x 103 

200 1.43 x 104 7.18 • 103 
1000 1.17 x 104 6.36 • 103 

*Results correspond to exposure at increasing times. The first 200 rpm result is after 3 to 5 h of 
exposure. Afterwards, spectra were generated at 200 rpm every 24 h. The spectrum at 1000 rpm was 
generated within one h after the preceding spectrum at 200 rpm. 
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conditions. Note that at 35~ without inhibitor the polarization resistance estimated from 
the dc measurements is approximately equal to the sum of the two resistances obtained 
from the electrochemical impedance technique. As previously mentioned, when inhibitor 
was present a straight line was fit through the data so as to estimate the polarization 
resistance from the slope. The resistances for these latter systems as obtained from dc 
results tend to differ by a factor of 1.5 to 2 from those obtained by the impedance 
technique. This difference could easily have been caused by assuming linear behavior to 
obtain the dc polarization resistances. However,  in all cases, the agreement is acceptable 
for practical corrosion screening. 

The resistances shown in Table 2 as measured by the impedance technique are the 
resistances used for the mass loss estimate in Table 1. The resistances are the resistances 
associated with the high-frequency time constant (first value) in uninhibited water at 35~ 
the resistance associated with the single time constant in uninhibited water at 80~ and 
the resistances associated with the low-frequency time constants for the exposures to 
water with inhibitor at both temperatures.  The resistance associated with the high-fre- 
quency time constant in the presence of inhibitor was about 200 to 400 lq-cm 2, about two 
orders of magnitude less than the resistances associated with the low-frequency time 
constants in those environments (1 • 104 to 3 • 104 ~-cm2). This large difference means 
that using only the resistance associated with the low-frequency time constant would give 
a reasonable estimate because adding the resistance associated with the high-frequency 
time constant to the values shown would only affect the second decimal place. The 
hypothesis is that only the resistance associated with the low-frequency time constant in 
the inhibited system is related to the corrosion rate. 

Discussion 

Figures 2 and 3 show examples of the agreement between the measured impedance 
spectra and those calculated by the best  regression fit using the first two circuit models in 
Fig. 1. The agreement strongly suggests that the circuits can model the spectra. As 
discussed later, they are not necessarily unique. The agreement shown in Table 1 strongly 
suggests that the single resistance in water at 80~ and the low-frequency resistances in 
water containing DEQUEST 2000 at each temperature are associated with (inversely 
proportional to) the corrosion rate. The resistance associated with the high-frequency time 
constant was used to estimate the corrosion rate shown at 35~ The reason for choosing 
this resistance is discussed in the following paragraphs. The practical conclusion, though, 
is that inhibitors for steel in near neutral pH water can be screened rapidly by this 
approach even when the corrosion mechanism is unclear. Steady state must be reached 
(approximately 48 h) to make reliable predictions. 

Note that use of only the low-frequency resistance at 35~ in uninhibited water would 
have also resulted in a corrosion rate that is in fair agreement with that estimated from 
mass loss. Thus, agreement between the corrosion rate estimated from a resistance in a 
model element to that calculated from mass loss is not always a valid criterion for deciding 
which part of the model to use to estimate the corrosion rate. Such agreement is a 
necessary but not a sufficient condition for a model to be valid. 

The polarization resistance in the uninhibited solution at 35~ measured under the dc 
technique is approximately equal to the sum of the resistances measured by the electro- 
chemical impedance technique. Use of the dc derived values would lead to an estimated 
corrosion rate of about 0.3 to 0.4 mm/y using a B value of 0.025 V. This rate is less (by a 
factor of two to four) than that estimated by mass loss (about 1 mm/year). According to the 
model of Bonnel, et al. [7], the resistance associated with the high-frequency portion of the 
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spectrum is hypothesized to contain anodic and cathodic contributions to the charge 
transfer reaction. The resistance associated with the low-frequency portion is hypothe- 
sized to contain the explicit contribution from mass transport both through the fluid and 
through the porous corrosion products on the surface. If  so, the resistance as measured by 
the dc method would contain contributions from both relaxation time constants. 

Previously [16], corrosion in a comparably aggressive water at 35~ but under static 
conditions was found to be modeled by the approach of John and Dawson [21]. At that 
time, the corrosion rate was shown to be related to the resistance associated with the high- 
frequency time constant under static conditions. The resistance associated with the high- 
frequency time constant in such an environment is written by Bonnel [7] as the addition of 
resistances caused by the anodic and cathodic contributions to charge transfer acting in 
parallel (R~R2/(R~ + R2). The hypothesis is that the parallel combination of the resistances 
created by the anodic and cathodic charge transfer processes allows the resulting compos- 
ite resistance associated with the high-frequency time constant to be used for screening 
steel corrosion rates in uninhibited, near neutral pH water at low temperature under 
dynamic conditions. The complex interaction among charge transfer, hydrodynamics,  and 
time does suggest that this hypothesis might not always be valid. 

The discussion of Mansfeld and the reply by Bonnel et al. [9] also strongly suggest that 
screening cannot be done in under 24 h. Mansfeld has presented results which indicate 
that at low temperature,  steel shows one relaxation time constant in near neutral pH water 
containing 0.5N NaCl after 2 h of exposure. In the present study, one relaxation time 
constant was observed after only several hours of exposure. However,  two time constants 
emerged after 24 h. This observation agrees with the reply by Bonnel et al. who state that 
a second capacitive time constant is observed after longer exposure times. Note that only 
one relaxation time constant appeared in the spectra generated at 80~ at all times. The 
resistance associated with it was assumed to be inversely proportional to the corrosion 
rate. 

Figure 4 shows the plot of the reciprocals of the low-frequency resistances for steel in 
water at the two temperatures and in the presence of 30 ppm by weight DEQUEST 2000. 
These resistances are hypothesized to be related to the corrosion rate. They were used for 
the estimates in Table 1. As previously stated, the resistance associated with the high- 
frequency time constant tended to remain in the range of 200 to 400 ~-cm 2. Corrosion rates 
estimated from this resistance would have been of the order of 1 mm/year, far higher than 
those observed from mass loss of  the electrode. 

Addition of  DEQUEST 2000 to the aqueous environment changes the corrosion behav- 
ior. As shown in Fig. 4, the sensitivity of corrosion to fluid velocity virtually disappears. 
The corrosion rate is decreased by one to two orders of magnitude relative to that in the 
absence of DEQUEST 2000. This decrease demonstrates the corrosion inhibition proper- 
ties of DEQUEST 2000. At  80~ under dynamic conditions and at 70~ under static 
conditions, the exponent on the low-frequency element does approach 0.5 at long times. 
This behavior may suggest that there is a diffusional contribution to the corrosion process,  
at least at elevated temperature.  Since the corrosion rate remains independent of fluid 
velocity up to this time, any diffusional resistance should lie within the oxide film of the 
electrode, not within the fluid boundary layer. However,  this behavior was not observed at 
lower temperature where the exponent on the low-frequency element remained in the 
range of 0.65 to 0.7. 

This change in behavior of the exponent on the relaxation time constant associated with 
the polarization resistance is not caused by a decrease in oxygen solubility with increased 
temperature. The Henry ' s  Law type constant only decreases by about 40% over this 
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temperature range [22]. The solubility in salt water at 25~ is about 2.6 • 10 -7 mol/cc. 
Using the Sherwood versus Reynolds-Schmidt  number relationship for the smooth rota- 
ting cylinder electrode [23] and assuming that this oxygen concentration is rate limiting, 
results in a predicted corrosion rate of  about 2.5 to 3 mm/year at 200 r/min. This predicted 
rate is orders of magnitude greater than that found in the inhibited system at all tempera- 
tures indicating that the small decrease in oxygen solubility cannot cause the different 
behavior of the exponents on the time constant that emerges at low frequency. 

The presence of  inhibitor has a marked effect on the values of the capacitances. Figure 5 
shows plots of  the capacitance versus time for each of the time constants (constant phase 
elements) for steel in the uninhibited and inhibited environments under dynamic condi- 
tions. The capacitance associated with the high-frequency time constant in the presence of 
inhibitor is about 10 -6 F/cm z (1 izF/cm 2) or  less, showing a slight decrease with exposure 
time and a slight dependence on temperature. Such low-capacitance values associated 
with the high-frequency time constant have been observed before for steel in solutions 
containing this inhibitor [4,8,10]. This low value has been attributed to the formation of a 
more compact  and protective film. 

One possible way to estimate the film thickness is to use the relationship C/A = eeo/d 
(where C/A is the capacitance per unit area, e is the dielectric constant, % is the per- 
mittivity in free space (8.854 • 10- ~2 F/m), and d is the thickness) [24]. Using a value of 
C/A of 10 -6 F/cm 2 and ~ of 5 to 20 (the range of values for a number of oxidized metal 
solids [25]) results in a film thickness d of the order of 50 to 200 ,~. The resistance in 
parallel with this capacitance might be considered to represent the resistance to movement 
of ions (possibly oxygen) through the surface region. These resistances are independent of 
fluid velocity. An hypothesis would be that the inhibitor incorporates into or strongly 
interacts with the upper layers of the iron oxide/hydroxide surface region to make it more 
compact  and more impervious to oxygen (or oxide) mass transfer from the fluid to the 
metal-oxide interface where the iron is oxidized. Indeed, evidence exists that phosphonic 
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DEQUEST 2000 at 80~ after 65 h of exposure. Modeled using Circuit 3 in Fig. 1. 

acids in concert  with calcium either can become predominant constituents in the upper 
portions of the surface region [26] or incorporate through the surface region [27]. Auger 
electron spectroscopy has been used by Neagle [28] to examine the surface composition of 
steel exposed to cooling water  containing calcium ions and inhibited by hydroxy phos- 
phono-acetic acid. He estimated that the thickness of the surface film containing phospho- 
rous and calcium is about 200 to 800 ,~. Agreement with the value estimated above is fair 
considering that the two inhibitors are not the same (though they have similar phosphonate 
functional groups) and both techniques lead to very gross estimates of the surface layer 
thickness. The capacitance associated with the high-frequency time constant is probably 
not a double layer capacitance which would be expected to be in the range of 2 • 10 -5 
F/cm 2. 

One question that often arises is if the structure of the circuit model itself can be used to 
relate the circuit elements to actual physical processes. As previously shown [29], Circuits 
2 and 3 can model the same spectrum having two relaxation time constants when the ratio 
of the constant phase elements (capacitances) associated those time constants differs by 
several orders of magnitude. As shown in Fig. 5, the capacitances associated with the two 
time constants in the inhibited system differ by four orders of magnitude (10 -6  F/cm 2 
versus 10 2 F/cm2). Figure 6 shows the results in Bode format of a regression using Circuit 
3 against the same spectral data as in Fig. 3. Figures 3 and 6 are identical. Table 3 shows 
the circuit elements as estimated by regression analysis for the two models. All compara- 
ble circuit elements are similar. More important, the resistances used for the corrosion 
rate estimate (1.3 • 104 ~ -cm 2) are the same. Thus, either model could have been used to 
extract that information necessary for both corrosion rate estimation and the previous 
mechanistic discussion. This observation implies that agreement between corrosion rates 
as estimated from mass loss and as estimated from impedance results is at most a neces- 
sary but definitely not a sufficient condition for the chosen model to be the only valid 
representation of the corrosion process. Care must be exercised when trying to use only 
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TABLE 3--Comparison of circuit elements estimated from Circuits 2 and 3 in Fig. 1". 

Element Circuit 2 Circuit 3 

Rs-Solution Resistance, ~-cm 2 
Ri-High Freq. Resistance, 12-cm 2 
R2-Low Freq. Resistance, l~-cm 2 
131-High Freq. Exponent 
C~-High Freq. Capacitance, F/cm 2 
132-Low Freq. Exponent 
C2-Low Freq. Capacitance, F/cm 2 

4.86 • 101 4.23 • 101 
2.02 • 102 2.00 • 102 
1.34 x 104 1.35 x 104 
9.35 • 10 -1 8.88 • 10 -1 
1.95 • 10 -6 3.66 • 10 -6 
4.73 • 10 -1 4.72 • 10 -1 
8.00 • 10 -4 7.96 )< 10 -4 

*The calculated circuit elements are for Fig. 3 (Circuit 2) and Fig. 6 (Circuit 3). 

circuit  models  to explain corros ion mechanisms because  more than one analogous circuit  
can model  a given spectrum. H o w e v e r ,  corrosion rates can still often be es t imated reliably 
and conclusions  can be made about  the corrosion mechanism,  even  though there is 
ambiguity in the models  used to obtain the polarization resistance.  
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Use of Electrochemical Noise in the Study 
of Inhibitor Systems: Part I The Effect of 
Silicate Polymerization on the Inhibition of 
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REFERENCE: Hirozawa, S. T. and Turcotte, D. E., "Use of Electrochemical Noise in the 
Study of Inhibitor Systems: Part l m T h e  Effect of Silicate Polymerization on the Inhibition of 
Aluminum," Electrochemical Impedance: Analysis and Interpretation, ASTM STP 1188, J. 
R. Scully, D. C. Silverman, and M. W. Kendig, Eds., American Society for Testing and 
Materials, Philadelphia, 1993, pp. 205-219. 

ABSTRACT: Electrochemical noise appearing in corrosion potential (Eco,0-time plots and 
electrochemical impedance (El) spectra were used to study the synergism between nitrate 
and different silicates in the inhibition of aluminum. Individually, nitrate and some of the 
silicates did not protect aluminum; however, by combining them, the protection was greatly 
enhanced as deduced from the reduction of noise and the elevation of both E~o,~ and polariza- 
tion resistance (Rp). The SiO2 to Na20 ratio (R) had a significant influence on the reaction of 
a silicate with aluminum. This was attributed to the amphoterism of aluminum as well as the 
polymerization of the silicate. 

Unstable protective films are probably the cause of electrochemical noise. It then follows 
that the elimination or reduction of noise would indicate improvement in the protectiveness 
of a film. Thus, noise reduction in E~o~-time plots and EI spectra complements the elevation 
of E~orr and R, as tools in the improvement of inhibitor interaction with metal surfaces. 

KEYWORDS: electrochemical impedance spectroscopy (EIS), corrosion potential, electro- 
chemical noise, silicate, nitrate, inhibitors, aluminum, polymerization 

Numerous inhibitors raise the breakdown potential (Eb) of aluminum, but only nitrate 
was found to raise its protection potential (Epro,) [1]. Eorot was found to be the true pitting 
potential (Eoit) of aluminum in a given medium. Nitrate is very effective in preventing the 
localized corrosion of aluminum. However, it cannot protect aluminum under physically 
depassivating processes, e.g., cavitation, sand abrasion, and nucleate boiling. These pro- 
cesses occur in automotive cooling systems. Silicate was found to be very synergistic with 
nitrate under these depassivating conditions. However, in the absence of nitrate, silicate is 
incapable of protecting against the depassivating processes occurring in the cooling sys- 
tem. 

In the past decade, we have witnessed the rapid development of applied electrochemical 
impedance spectroscopy (EIS), thanks to the work of Epelboin, Mansfeld, Lorenz and 
others [2-5]. We decided to use EIS to explore the observations described in the previous 
paragraph. 

1Senior research associate and research chemist, respectively, BASF Corporation, Wyandotte, MI 
48192. 
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Chemical Properties of Aluminum 

The potential-pH diagram of aluminum is given in Fig. 1 [6]. The large separation of the 
immunity boundary from Line a implies that bare aluminum can displace hydrogen from 
water at all pH's. However, at around neutral pH, it is passivated due to the formation of 
A1203. 

2AI ~ + 3H20 --~ A1203 + 3H2 (1) 

Aluminum may also be oxidized directly by oxygen. 

4A1 ~ + 302 -"-> 2A1203 (2) 

The rate of corrosion of aluminum is controlled by the rate of hydrolysis of the oxide [7]. 

A1203 + 3H20 ---> 2Al(OH)3 (3) 

The corrosion regions in the acidic and basic media in Fig. 1 imply that the corrosion 
products are amphoteric. 

AI(OH)3 + 3OH- ~ AI(OH)63 (4) 

AI(OH)3 + 3H + ~ AI +3 + 3H20 (5) 

The number of hydroxyl groups per aluminum atom can vary from 0 to 6 depending on 
the pH. Potential-pH diagrams are based on thermodynamic data and give no kinetic 
information. From the consideration of practicality, we have found that passivation cur- 
rent-pH (ipa~s,n-pH) curves are extremely useful, particularly for aluminum [8]. An example 
of such a curve is given in Fig. 2 for 3003 A1 in an aqueous solution containing 1% borax 
and 0.5% NaNO3 at room temperature. The passive region is extended to lower pH by 
nitric acid but the aluminum is vulnerable above pH 8. The breakpoint of the curve, pH 8 
in this case, will be referred to as the critical pH. When the temperature is raised to 82.2~ 
the critical pH is lowered to 7. The data in this graph was obtained from galvanostaircase 
polarization [9] (see also ASTM G100, Method for Conducting Cyclic Galvanostaircase 
Polarization). 

Chemistry of Silicates 

Silicates are manufactured by fusing silica with sodium carbonate using a silica to 
sodium oxide weight ratio (R) of 3.2. 

3.2 SiO2 + Na2CO3 ---> Na20(SiO2)3.2 + CO2 (6) 

This product will be referred to as 3.2R silicate. The 3.2R glass is treated with appropriate 
amounts of caustic and dissolved in water to make the other silicates: 1.0R, 1.8R, 2.0R, 
2.5R, and 3.2R. Generally, the manufacture of lower-ratio glasses is avoided because the 
high caustic content wears down the fusing vessels although 2.0R glass may be prepared to 
be converted to 1.0R. 

Silicic acid is a weak acid where pKal = 9.4. When the pH drops below -10, polymeriza- 
tion commences. 
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n HOSiOOH ~ H(OSiO),OH + nH20 (7) 

The n value can be very large in the planar polymers, but in solutions, geodesic spheres 
form with a definite n, e.g.,  15 is commonly reported [10]. 

Objective 

With the knowledge that the amphoterism of AI(OH)3 and the polymerization of silicate 
are directly related to pH, the objective of this study was to explore the interaction of 
aluminum with silicate as a function of R and pH using electrochemical noise and Eco. and 
EIS data. 

Experimental Procedure 

Materials 

Reagent grade sodium chloride, sodium nitrate, and sodium metasilicate were used. 
Silicates with R of 1.8, 2.0, 2.5, and 3.2 were obtained commercially as specially filtered 
solutions containing 37 to 44% solid; henceforth, these materials will be referred to as 
1.8R, 2.0R, 2.5R, and 3.2R silicates. Distilled water was used to prepare all solutions. 

Equipment 

Keithley Model 616 and 614 digital electrometers were used to measure the corrosion 
potentials which were recorded on a two channel Houston Instrument recorder.  For  EIS,  
the Solartron 1255 frequency analyzer /EG&G PARC Model 273 Potentiostat/Galvanostat 
combination was used. The experiments were run by the EG&G PARC Model 388 soft- 
ware and the modeling and graphics were carried out using the Boukamp [11,12] software. 

The test cell consisted of a 500-mL flat-bottomed beaker as described in Refs 1 and 8 
except that the silver/silver polysulfide reference electrode [13] was substituted for the 
saturated calomel electrode (SCE). The working electrode was 3003-H14 (UNS A93003) 
AI in sheet form. 1.5-cm-diameter circles were cut and prepared according to ASTM G1, 
Recommended Practice for Preparing, Cleaning, and Evaluating Corrosion Test Speci- 
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mens, using 600 grit diamond slurry on a flat lapping machine by Metal Samples Co. and 
used without fulther preparation. The specimens were mounted in flat specimen holders 
[13] where 1 c m  2 w a s  exposed to the solution. The counter electrode was a pair of ultrafine 
grade graphite rods. 

Procedure 

Prepare the solution in the cell and attach it to the cell cover which has provisions for 
the electrodes and thermocouple. Connect the positive lead of the electrometer to the 
working electrode, the negative lead to the reference electrode, and start recording. Turn 
on the magnetic stirrer and the heater. After the temperature stabilizes at 82.2~ (180~ 
for 15 min, remove any gas bubbles that might be adhering at the TEFLON-WE-solut ion 
interface and turn off the stirrer. Start EIS at Er 5.5 h after the heater is turned on. The 
5.5-h immersion time allowed Er to stabilize (for the inhibited system but not necessarily 
for the uninhibited systems). 

Results and Discussion 

Corrosion Potential-Time Plots 

Curve A in Fig. 3 is the Eco~r-time plot for aluminum in 165 ppm NaCI at room tempera- 
ture. The curve is noise-free except for the first 15 min. When the temperature is raised to 
82.2~ (180~ (see Curve B), noise appears with 10 mV peak-to-peak short period noise 
superimposed on a long period 120 mV peak-to-peak noise with a period of 12 to 14 min 
and with round tops and pointed bottoms. The selected inhibitor must form a protective 
film that will overcome this noise at the elevated temperature. This noise is suggestive of 
the instability of the oxide/hydroxide film. All of the remaining experiments were carried 
out at 82.2~ 

Curve A in Fig. 4 is the reference for 165 ppm NaC1 (same as curve 3B). Curve 4B was 
obtained in 0.25% NaNO3 in the absence of NaCI. There is long term instability and the 
short period noise increases after about 3 h. NaNO3 in the presence of NaCI (Curve C) 
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shows an unexpected synergism that is indicated by the lessening of the noise and eleva- 
tion of Ecor~. 

Figure 5 was obtained from aluminum in 0.2% Na2SiO3"SH20 in the absence of NaCI. The 
metasilicate will be referred to as 1.0R. All of the silicate solutions in this study contained 
0.0566% SiO2 to enable comparisons. The large noise and low Ecor~ indicate that 1.0R 
cannot protect aluminum even in the absence of chloride. When NaC! is added to 1.0R, 
instead of synergism, the instability of the "protective" film worsens as shown by Fig. 6. 
When NaNO3 is added to Na2SiO~NaCI, Er is raised by about 500 mV but there is large, 
long period noise which diminishes somewhat when the immersion time goes beyond 2 h 
(Curve 7B). But note that the short-term noise has been eliminated. 

In Figure 7, Curve A was obtained in 1.8R silicate/NaNO3/NaC1 medium. Note the great 
improvement over Curve B. The 1.8R silicate eliminated the noise and raised Er about 
230 mV. The 2.0R silicate gave completely noise-free curves even in the absence of nitrate 
while the 2.5R and 3.2R silicates were noisy at first, and then quieted down slightly (not 
shown here). 

EIS 

Figure 8 gives the EIS Nyquist plot for aluminum in 165 ppm NaCI. The large noise 
agrees with Fig. 3b. It appears that C1- at elevated temperatures destroys the oxide film. 
This data set is plotted in Fig. 9 in the Bode format. Both the log Izl and phase angle plots 
show the noise, but the linear Nyquist plot gives a much greater emphasis to the noise. 
Henceforth, the Nyquist plot will be used. Nitrate in the absence of chloride gave a noisy 
Nyquist plot (see Fig. 10). When NaNO3 is added to the NaCI, the resulting Nyquist plot is 
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FIG. 6--Eeoc-time plot o f  aluminum at 82~ in 165 ppm NaCI/1.OR (0.0566% Si02). 
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FIG. 7--Eco~-time plotsforaluminum at82~ l.8R (0.0566% Si02)/0.25%NaNOJ 
165ppm NaCl.(b) l.0R (.0566% Si02)~.25%NaNOJ165ppmNaCl. 

given in Figure lla.  Note that much of the noise in the critical semicircle region is 
eliminated. This corroborates the synergism shown by the Ecor~ recordings of Fig. 4. 

Figure 12 gives the Nyquist plot for 1.0R system. There appear to be two time con- 
stants. The first time constant with Rp of about 100 ~-cm 2 probably indicates that the 
barrier layer is very thin. The inability of the second semicircle to develop probably 
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indicates that a stable A1 silicate layer cannot form under the present conditions. When 
NaNO3 is added to the Nael / l .0R system (see Fig. 1 lb), most of the noise is eliminated and 
the Rp is increased about a one hundred-fold. However,  a Rp of 4 x 10 4 l)-cm 2 implies 
inadequate corrosion protection since the Rp's of commercial coolants range from 1 • 10 5 
l~-cm 2 to 1 x 10 6 l)-cm 2. In most silicate studies with nitrate, the result of the synergistic 
pair is greater than both of the individual results. In the present case, the Rp for NaNO3 is 
greater than the Rp for NaNOJNa2SiO3 as shown in Fig. 11. Therefore, nitrate and 
metasilicate are antisynergistic in the presence of chloride at elevated temperature. 

Figure 13 shows the effect of R on the Nyquist  plots of the silicates in the absence of 
nitrate. 1.0R is so poor that it does not show up at this sensitivity. 2.5R and 3.2R are rather 
noisy and the Rp's are too low. 1.8R and 2.0R both are noise-free, which means that they 
are laying down a protective film, but 2.0R seems definitely superior. It appears that a 
significant change has occurred between 2.0R and 2.5R. This is corroborated by the E~orr- 
time plots shown in Fig. 14. The 2.0R plot is very smooth while the 2.5R plot is very noisy. 
The Rp values estimated from Fig. 13 are plotted in the lower curve in Fig. 15. The upper 
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FIG.  11--E1S Nyquist plots o f  aluminum at 82~ (a) 165 ppm NaCl/0.25% NAN03. (b) 
0.01% NaCl/0.25% NaNO3/1.0R (0.0566% Si02). 

curve shows that nitrate is synergistic with all of the silicates but the synergism is greatest 
for 2.0R. 

Modeling and electron microscopic studies have been omitted from this paper because 
they were discussed in Ref 16. 

Effect of  Sificate Polymerization on Corrosion Inhibition 

Figure 16 gives the pH as a function of R. Open triangles represent solutions without 
nitrate; these are the natural pH for the respective silicates (at 0.0566% SIO2) and they are 
expected to maintain the extent of polymerization. At 1.0R the silicate species are 
metasilicate monomers,  at 2.0R dimers, and at >2.4R geodesic spheres containing 15 SiOz 
groups [11]. The poor performance of 1.0R is due to the fact that it has exceeded its critical 
pH (see Fig. 2). 

There are two reasons for the good performance of 2.0R. First,  the pH is in the passive 
region of  the ipass',-PH curve, and second, the dimers can attach to the outer AI(OH)3 layer 
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FIG. 12--EIS Nyquist plot of  aluminum in 1.OR (0.0566% Si02)/165 ppm NaCl at 82~ 
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FIG. 13--EIS Nyquist plots of aluminum at 82~ in 165 ppm NaCl containing 0�9 
Si02 as: 2.OR, 1.8R, 2.5R, and 3.2R. 

by chelating the aluminum. Since AI(OH)4 is geometrically similar to Si(OHh, the ion can 
be inserted or exchanged into the silicate structure thus creating an aluminosilicate site 
having fixed negative charge. It is quite likely that aluminum and silicon are forming a 
planar structure as illustrated in Fig. 17a [10]. The high negative charge facing the solution 
is preventing the chloride from entering the domain of the inner oxide layer as deduced 
from the noise-free Ecor~-time and El  curves�9 

The noise in both the Ecorr-time and E1 curves as well as the low Rp's for 2.5R and 3.2R 
can be explained in the following manner�9 The packing of the geodesic spheres (see Fig. 
17b) on to the aluminum surface is expected to be much less efficient than forming the 
planar structure. About  twice the amount of silicate compared to 2.0R would be required 
to cover the entire surface and the chloride can pass through the spaces between the 
spheres. Phosphate which is often used in conjunction with silicate probably serves as 
"mor ta r "  to fill up these cracks. 

The closed triangles in Fig. 16 show the effect of nitrate on the pH of the silicates�9 The 
pH is elevated at the higher R's .  It was interesting to note that at 1.8R and above, nitrate 
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FIG. 14--Ecorr-time plots of  aluminum at 82~ in 165 ppm NaCl containing 0.0566% 
Si02 as: (a) 2.OR and (b) 2.5R. 
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FIG. 15--Dependence o f  Rp on R and nitrate. 

increased the noise in the Ecorrtime curves and EI spectra and synergism was insignificant. 
It could be that the expected synergism was counteracted by the rise in pH beyond the 
critical point (see Fig. 2). The significant synergism for 1.8R and 2.0R observed in Fig. 15 
was obtained by dropping the pH to the original pH. 

The rate of polymerization of silicates upon lowering the pH is rapid. For example, 
when the pH of 1.0R is brought down to the level of 2.0R, the electrochemical behavior is 
identical to the latter. When the pH is brought down further below 10, the behavior is the 
same as for 2.5R and 3.2R. The reverse process, i.e., depolymerization of the polysilicates 
by raising the pH is very slow. The Si-O-Si bond is hard to break in solution and this 
difficulty is multiplied by the geodesic structure of the polysilicate. An analogy from the 
polymolybdate chemistry can be cited. The Mo-O-Mo bond is said to decompose in basic 
solution [14]. When these bonds found in the geodesic spheres of heteropoly 12- and 18- 
molybdates were refluxed at pH 10 to 10.5 for two months, their effectiveness as inhibitors 
was not diminished to the level of the inferior molybdates [15]. This proved that the 
geodesic structure enhanced the stability of the Mo-O-Mo bond and the same should hold 
true for the Si-O-Si bond in a geodesic sphere. 
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A..sncct silicate anion structure idealized. [For a real example scr A.  K. Pant 
Acta Cryst., B, 1968, 24, 1077.] 

217 

B, The arrangement of AIO4 and SiO4 tetrahedra which gives the cubo-octahedral 
cavity in some zeolites and felspathoids. �9 represents Si or AI. 

FIG. 17--Structure of polysilicates. (a) planar. (b) geodesic sphere. 

Requirements of a Good Inhibitor System 

A good inhibitor system for aluminum must be able to maintain the A1203 inner barrier 
layer and also form a tough outer layer that can withstand the depassivating processes 
described earlier. Nitrate was found to be the only inhibitor that satisfied all of the 
requirements of a model of an inhibitor of localized corrosion of aluminum [I]. Silicate can 
form a tough outer layer but the toughness depends on the R value as well as on the 
presence of a sturdy foundation of A1203 provided by nitrate [16]. 
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Reference Electrode 

An attempt was made to use SCE as the reference. At the elevated temperature,  gas 
bubbles formed in the Luggin capillary which caused large noise followed by break in the 
circuit. The silver/silver chloride electrode was not used because of its instability at high 
temperature as well as chemical instability where chloride can be replaced by anions that 
form silver salts more insoluble than AgC1, e.g. mercaptans and H2S. The silver polysul- 
fide electrode was immersed in the test solution and provided a stable anchor for many of 
the overnight experiments.  Seven reference electrodes averaged - 40 mV versus saturated 
calomel in 0.1M KCI at room temperature. The preparation and properties of this refer- 
ence electrode are described elsewhere [13]. 

Conclusion 

Noise occurring in Ecorftime plots and E1 spectra was successfully applied in studying 
synergistic/antisynergistic behavior among potential inhibitors for aluminum. Chloride 
causes localized corrosion while nitrate can prevent localized corrosion in the presence of 
chloride. Synergism between nitrate and silicate depends on the SiOJNa20 ratio (R). Low 
R (1.0) causes the medium to surpass the critical pH resulting in excessive corrosion in the 
absence of nitrate, while in the presence of nitrate, only a minor degree of synergism is 
observed. High R (>2.3) causes the formation of large geodesic spherical polysilicates that 
are cumbersome and have difficulty forming a good protective film, and synergism with 
nitrate is minimal. Maximum synergism with nitrate is observed at 2.0R and 1.8R; more- 
over, even in the absence of nitrate they seem able to lay down protective films that appear 
to prevent the penetration of the oxide layer by chloride. 
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The Influence of Corrosion Product Film 
Formation on the Corrosion of Copper- 
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236. 

ABSTRACT: The corrosion resistance of copper-nickel alloys in seawater is known to be 
due to the development of a protective corrosion-product film. This study is an attempt to 
elucidate the reason for the protective nature of these films. A rotating disk electrode was 
used to study the corrosion product formation on three copper-nickel alloys in aqueous 3.4% 
NaCI. The three alloys studied were 70-30 copper-nickel (C71500), 90-10 copper-nickel 
(C72200), and pure copper. Electrochemical impedance spectroscopy (EIS), palladium sput- 
ter-coating of the corrosion product, and removal of the outer corrosion product layers with 
adhesive tape were used to follow the growth of the inner and outer film layers. It is 
concluded that in copper-nickel corrosion, oxygen reduction occurs at the bottom of pores in 
the outer corrosion product layers, and the corrosion rate is determined by the diffusion of 
oxygen through the pore electrolyte to these sites. 

KEYWORDS: corrosion resistance, electrochemical impedance spectroscopy (EIS), pore 
electrolyte, copper-nickel alloys 

Until fairly recently, the corrosion mechanism of copper-nickel alloys was not well 
understood. The formation of a corrosion product film has been found to greatly reduce 
the corrosion rate of copper alloys. The role of this film in reducing corrosion is unclear, 
however. The corrosion product of 90-10 copper-nickel is known to consist of a loosely 
adherent porous layered structure consisting primarily of cupric hydroxychloride over a 
thin tightly adherent layer of cuprous oxide [1-4]. The iron and nickel from the alloy are 
concentrated in the inner part of the porous layer [2]. Until recently, copper-nickel was 
believed to get its corrosion resistance from nickel doping of the inner cuprous oxide 
semiconductor layer [3,4]. 

More recently, Kato and Picketing [1,5], have developed a more highly supported 
mechanism for copper-nickel's corrosion resistance, as follows: These authors looked at 
the effect of stripping of the outer corrosion product layers on anodic and cathodic 
polarization behavior. Only cathodic polarization was affected by the presence of the 
corrosion products, indiCating a cathodically controlled corrosion process on alloy cov- 
ered with corrosion products. The low rate of the cathodic reaction, assumed to be oxygen 
reduction, increased some when the outer porous corrosion product layer was stripped off 
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2The Pennsylvania State University, Department of Materials Science and Engineering, University 

Park, PA 16802. 
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[5]. Thus the inner cuprous oxide could provide a diffusion barrier to the cathodic reaction 
[3] as well as being, along with the outer layer, a poor catalyst for the oxygen reduction 
reaction [1,5]. 

Palladium coating of  the inner layer greatly increased the (oxygen reduction) reaction 
kinetics to the diffusion limited value, an effect attributed by the experimenters to either 
electrical shorting through the resistive inner cuprous oxide layer or to an increased 
catalytic activity of the corrosion product surface for oxygen reduction. These results 
eliminated the possibility that the effect was due to low ionic conductivity in the corrosion 
product [1,2]. Kato et al. [6] later proved that the catalytic effect was the correct one by 
developing a corrosion product film in sulfide-containing solutions. This film showed high 
oxygen reduction rates, presumably because the sulfide is a good catalyst,  but the reaction 
rate slowed when the loosely adherent layers were removed. This is a good argument in 
favor of  the poor catalytic nature of the porous corrosion product as the basic cause of the 
good corrosion resistance of the Cu-Ni alloys [5,6]. During the initial formation of the 
corrosion product layer, this factor is thought to mainly control the corrosion rate. There- 
after, during the growth of the outer  porous layer when the corrosion rate further de- 
creases in accord with the parabolic law ( - 1 0  h [I]), slow oxygen diffusion through the 
pore electrolyte to reduction sites deep in the corrosion-product structure near the inner/ 
outer layer interface is most consistent with the data [1,2,5-7]. 

The effect of nickel and iron is not understood sufficiently to explain differences in 
behavior between pure copper,  90-10 copper-nickel, and 70-30 copper-nickel. The present 
research was designed as a first step in filling gaps in the knowledge about the action of the 
corrosion product layers on these alloys. 

Approach 

The metals studied were pure copper,  commercial 90-10 copper-nickel, and commercial 
70-30 copper-nickel.  A rotating disk electrode apparatus was used because of the mathe- 
matically well-established and reproducible nature of the flow which this apparatus pro- 
vides across the specimen surface [8,9]. A base rotation speed of 1000 r/min was used. 

The specimen preparation and testing procedures used have been described elsewhere 
[7]. Briefly, the specimens were polished through 600 grit, then exposed for 28 days (672 h) 
while rotating in aerated 3.4% sodium chloride solution. Degreasing of specimens was 
initially performed, but was found to have no significant effect on the results and was 
therefore discontinued. The specimen was mounted in a plexiglass mount and spun face 
down. Specimen area was 1.277 cm 2 (0.5 in. diameter). Connection between the specimen 
and the rotator shaft was accomplished with a spring-loaded contact assembly. Potentials 
were measured using a saturated calomel half-cell electrode with a Luggin capillary 
equipped with a Vycor fritted tip. The tip was located just  above the plane of specimen 
rotation and 1 to 3 mm from the edge of the specimen holder. Counter electrodes were 
densified graphite and were located inside containers separated from the cell electrolyte by 
porous glass frits. Two counter electrodes were used for current symmetry. 

The corrosion rate of  the specimen and the corrosion product film properties were 
studied using electrochemical impedance spectroscopy (EIS) [10]. The applied signal was 
l0 mV, small enough to have little effect on the corrosion of the specimen as it was being 
studied. This allowed the time-dependent formation of the corrosion product film to be 
studied as it occurred. Frequencies used ranged from 105 to l0 -3 Hz. Both swept-sine and 
Fast  Fourier  Transform (FFT) techniques were employed, and gave similar results where 
the frequencies overlapped. The total time required to get data for all frequencies was 
about 2 h. All data from 100 000 to .01 Hz were obtained in the first 15 min of this interval, 
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however. Thus, for short (1 to 7 h) exposures the low-frequency data could have been 
significantly influenced by exposure time effects. These short exposures tended to have all 
of the significant data occur above .01 Hz, so this effect in practice was minimal. Exposure 
time effects would be expected to be insignificant over the two-hour measurement period 
for exposures of 24 h or greater, since the rate of change in the corrosion system decreased 
with exposure time. 

Potentiodynamic polarization curve generation was also used to characterize the corro- 
sion behavior. Cathodic polarization curves were generated in the aerated solution while 
anodic polarization curves were generated after first deaerating the test cell for one hour 
with nitrogen or argon. Scans were always conducted from the most electronegative 
potential to the most electropositive potential at a scan rate of 0.01 mV-s -~ and at a 
rotation rate of 1000 r/min. Cathodic curves were generated after holding at the starting 
potential for 10 min to allow for stabilization of the current. Anodic curves were generated 
after a ten-minute stabilization period at the corrosion potential. 

Impedance data were gathered after only a one-hour exposure, when the corrosion 
resistance imparted by the corrosion product layers presumably was still undeveloped, 
and after varying periods of time up to 28 days exposure at 1000 r/min, when the corrosion 
product was presumably well established. After growth of the corrosion product layers for 
28 days, impedance measurements were taken at rotation speeds of 500 and 2000 r/min. 

A unique method for determining whether the film was limiting the corrosion reaction by 
(1) having an electrically insulating effect, or (2) affecting the catalysis of the cathodic 
reaction, is sputter-coating of palladium on the corrosion product surface. Since palladium 
is a good catalyst for the cathodic reaction (oxygen reduction), but its use on top of the film 
would not effect film resistance, this technique provides a good method for separating out 
the relative effects of these two possible rate-limiting steps. After the 28-day testing of 
each specimen, it was dried, then re-wet and retested to first determine the effect of  
drying. Although drying the specimens did, in some cases, slightly affect the shape of the 
impedance curves, this change was small enough to have no bearing on the results 
reported in the following section. Since the drying effect was usually minimal, the speci- 
mens were next dried again, placed in a device to mask off the specimen holder, then 
sputter-coated with palladium until the surface appeared silvery in color. This usually took 
three to five minutes at 20 mA current. The specimen was sputter coated at a 45 ~ angle, 
then reversed and sputter coated at a 45 ~ angle from the opposite direction. This procedure 
minimized the possibility of plating through cracks in the film, which could result in 
electrical shorting through the film to the metal surface. After re-wetting the coated 
specimen and retesting, the loosely adherent layers were stripped off using adhesive tape. 
This procedure has been shown to remove the outer porous layers of the corrosion 
products and the palladium layer while leaving intact the inner, tightly adherent layer [1,2]. 
By comparing the data with no film, a full film, and a stripped film (inner layer only), the 
effect of the various film layers could be studied independently. After stripping off the 
outer corrosion product layer and the palladium layer, the remaining specimen surface was 
analyzed for palladium. If  palladium had plated through a crack in the corrosion products 
until it contacted the surface to create an electrical short-circuit through the film, then 
some palladium should remain on the surface when the outer corrosion product is re- 
moved. Analysis was conducted on the 90-10 copper-nickel specimen using energy disper- 
sive X-ray analysis in a dot-mapping mode to detect local areas of palladium 
concentration. Analyses were also conducted on specimens of the other two materials 
using a comparatively new technique called energy dispersive X-ray diffraction. Residual 
palladium on the surface was below the level of detectability for all analyses conducted. 
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This supports the supposition that the sputter-coated palladium film did not develop an 
electrical short-circuit through the corrosion product layers to the metal surface. 

Results and Discussion 

Copper 

Figure 1 is a Nyquist  plot showing the effect of exposure time on the impedance 
behavior of  copper at 1000 r/min. Each curve for copper exhibits an approximate 
semicircle indicative of one time constant. The polarization resistance, which is the right- 
hand intercept of  the semicircle with the real axis, increased systematically with exposure 
time from less than 1 kI l -cm 2 after one hour up to about 15 kIl-cm 2 after 670 hours. Figure 
2 is a Bode Phase plot showing the phase shift as a function of frequency for a number of 
exposure durations. The single phase shift peak for most exposure durations indicates that 
any time constants associated with the corrosion process must be close in frequency. The 
maximum phase shift is centered at about 500 Hz after one hour, and systematically shifts 
to lower frequencies as exposure time increases, reaching a value of about 5 Hz after 670 
hours of  exposure. This shift to lower frequencies is an indication of  the increased 
polarization resistance, and can occur without a shift in interfacial capacitance. 

Figures 3 and 4 indicate that a palladium coating over the outer corrosion product layer 
slightly increases the low frequency intercept on the real impedance axis. This is probably 
because of the barrier effect of the coating to oxygen diffusion through the layer, although 
this could also be due to decreased surface roughness of the plated surface. It follows that 
the corrosion reaction on copper could at least in part be controlled by diffusion through, 
or catalysis on the surface of, the inner corrosion product layer. Removal of the outer 
layer has little effect on the polarization resistance. A palladium coating has little effect, 
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FIG. 1--Copper Nyquist plot showing effect of exposure duration in aerated3.4% NaCl 
solution at 1000 r/min. 
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FIG. 2--Bode phase plot for the data in Fig. 1. 

and stripping of the outer corrosion product also has little effect on the value of the time 
constant after 670 hours. 

Figures 5 and 6 present the results of varying rotation speed on the impedance behavior 
of copper with a well developed corrosion product film. Changing rotation speed from 1000 
r/min to 500 or 2000 r/min had no effect on the behavior of copper in either plot. This 
indicates that the corrosion reactions are not controlled by diffusion through a fluid 
boundary layer, but must be controlled by a process on the surface such as diffusion 
through the corrosion product film, surface adsorption or desorption, or electron exchange 
on the surface. 

O 

E 
t -  

O 

" 10 
uJ 
O 
Z 

IJIJ 
13.. 

m 
>. 5 
r e  

z 
m 

1 I I 

0 
0 

Pd COATED 

5 10 15 

REAL IMPEDANCE, kohm-cm 2 

FIG. 3--Copper Nyquist plot showing effect of palladium coating and stripping of outer 
layers for the conditions in Fig. 1. 
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Figure 7 is a composite of a number of polarization curves generated during the expo- 
sure at 1000 r/min in a manner similar to that described in the Approach section. The 
anodic curves can be considered a true representation of the anodic reactions, since 
deaeration removes interference from the oxygen reduction reaction. The cathodic curves 
still retain distortion near the corrosion potential due to the presence of significant anodic 
reactions at this location. If this distortion is not too great, the intersection of the anodic 
curve with the cathodic curve for the material under the same conditions should still 
roughly define a current density that can be related through Faraday's Law to the corro- 
sion rate of the material under those conditions. The current density for copper exposed 
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FIG. 5--Copper Nyquist plot in aerated 3.4% NaCl as a function of  rotation speed. 
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for 1 h (curve labeled FRESH in Fig. 7) was about 30 txA-cm -z, and has a limiting value of 
cathodic current density of about 100 ixA-cm -2. The limiting value for cathodic current 
density based on oxygen diffusion calculated from the Levich Equation [8] is about 310 
i.LA-cm -2 at 1000 r/rain on a disk electrode. All other curves intersect at a value of 2 to 5 
ixA-cm -2. As with the impedance data, this shows that palladium coating or stripping of 
the outer corrosion product film had little effect on the corrosion rate of copper exposed 
for 672 h. Notice that 2 to 5 I~A-cm -2 is equivalent to a corrosion rate of 2 to 5 mils per 
year. This is very close to the reported corrosion rate range for copper of I to 4 mils per 
year [I1]. 

90-10 Copper-Nickel 

The data from 90-10 copper-nickel,  shown in Figs. 8 and 9, are more complex. Although 
after one hour a reasonable semicircle is obtained with a polarization resistance of approx- 
imately 0.7 k~-cm 2, 240-hour exposures result in corrosion product films that create 
dramatic increases in impedance, where a low enough frequency cannot be reached for the 
higher real axis intersection to be seen. This intersection point can thus only be exactly 
obtained by appropriate mathematical modeling of the data, although a rough estimate 
indicates a value exceeding 200 kl)-cm 2. The shape of the curves at high frequencies 
indicates a deviation from a semicircular shape. This effect becomes more pronounced 
with increasing exposure duration. The phase data indicate that a second, low-frequency, 
phase peak develops at longer exposure times. This indicates that the spectrum is resolv- 
able into two close time constants,  suggesting two mechanisms. The second phase peak is 
centered at a very low frequency, about 0.002 Hz, which is the reason why the lowest 
frequency used in the test was unable to record a real value of polarization resistance. The 
phase data verify the appearance of the second time constant after 240 hours of exposure, 
and a shift in the peak frequency from about 10 Hz after one hour to 30 Hz after 240 hours. 

Figures 10 and 11 illustrate the effect of stripping and palladium coating. Stripping of the 
corrosion product film reduces the polarization resistance to 2 k~'~-cm 2, a value closer to 
one-hour exposure values, and removes the second time constant. Thus, the very high 
resistance and the second time constant appear to be related to the formation of the 
loosely adherent outer layers. Consequently, these outer layers must be the reason for the 
good corrosion performance of the 90-10 alloy as compared to copper. Palladium coating 
prior to stripping also dramatically reduces the polarization resistance and removes the 
second time constant. Thus, the outer porous layer must be a poor catalytic surface for the 
oxygen reduction reaction, which is subsequently improved by the palladium coating. The 
palladium coating greatly increases the exchange current density, and possibly the active 
area, for the oxygen reduction reaction and removes the need for the (slow) oxygen 
diffusion process through the porous layer to the more catalytic sites deep in the porous 
layer structure. This is in agreement with potentiodynamic work performed by other 
investigators [1,2,5,6]. 

The data as a function of rotation speed for 90-10 copper-nickel are presented in Figs. 12 
and 13. The low-frequency peak in this test run occurred at a much higher frequency than 
that of curves presented in Figs. 9 and 11 for this material; however, the behavior was 
qualitatively similar. Rotation speed had little effect, indicating that diffusion processes in 
the bulk electrolyte are not a factor in determining the corrosion rate. 

Composite potentiodynamic curves for 90-10 copper-nickel are shown in Fig. 14. These 
data are consistent with the behavior indicated by the impedance data. The one-hour 
exposure resulted in a current density of 30 ixA-cm -2, whereas this corrosion current 
dropped to around 0.2 I~A-cm -2 after 672 hours of exposure. This is equivalent to a 
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corrosion rate of about 0.2 mils per year, which is consistent with the corrosion rates 
published for 90-10 copper-nickel in seawater [11]. Palladium coating increased the current 
to 3 )xA-cm -2, a value approaching that of freshly exposed material, and stripping of the 
outer layer increased the current slightly more, to 6 ixA-cm -2. 
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70-30 Copper-Nickel 

Figures 15 and 16 show the time-dependent behavior of impedance for 70-30 copper- 
nickel. The Nyquist plot for this material appears to be one semicircle that almost closes 
on the real axis at short and long exposure durations. The intermediate exposure durations 
show indications of  two time constants (two semicircles). The value of the polarization 
resistance increases from about 1 k ~ - c m  2 after one hour to about 20 kt~-cm 2 after 485 
hours. Although the phase data at short and long exposure durations show only one peak, 
the width of  this peak is too great for a simple one-time-constant model. These data are 
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likely due to the presence of two, overlapping time constants, one centered at about 50 Hz 
and the other becoming visible only after longer exposure durations and centered at about 
2 Hz. Thus the apparent single semicircles on the Nyquist plot are, in fact, probably 
resolvable into two closely overlapping time constants. Although the impedance of the 
filmed material is high, about 38 k~-cm 2, it is not as high as the 90-10 alloy, an observation 
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that is at odds with this material 's  better corrosion resistance and with other measure- 
ments on these alloys at 360 hours by the small amplitude cyclic voltametry (SACV [12]) 
technique [13]. 

Like the 90-10 alloy, Figs. 17 and 18 show that either palladium coating or stripping of 
the outer corrosion product layers greatly reduces the impedance to a level roughly 
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equivalent to freshly exposed material, about 1 k~-cm 2. In addition, the lower overlapping 
frequency peak in Fig. 18 is also removed by palladium coating or stripping of  the outer 
layers. 

The rotation-speed data for 70-30 copper-nickel are presented in Figs. 19 and 20. Rota- 
tion speed had little effect, just as on 90-10 copper-nickel, indicating that diffusion in the 
bulk electrolyte solution was not controlling the corrosion rate. 

Composite potentiodynamic curves for 70-30 copper-nickel are shown in Fig. 21. Mate- 
rial exposed for 672 hours had a corrosion current of 0.7 i~A-cm -2, as compared to 3 ixA- 
cm -2 for freshly exposed material. The 672-hour data are equivalent to 0.7 mils per year, 
which compares favorably to 0.3 mils per year for one year seawater exposure [11]. The 
current was increased somewhat by stripping, indicating that the outer layers are part of 
the barrier, and by palladium coating, indicating that the outer layer is a poor catalytic 
surface for oxygen reduction. This is in agreement with the impedance data, and is similar 
to the behavior of the 90-10 copper-nickel alloy. 
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Conclusions 

The effect of exposure duration on these alloys can be explained by assuming an initially 
similar behavior on all alloys, resulting from double-layer capacitance and faradaic resist- 
ance, that results in a semicircular Nyquist  behavior with a polarization resistance of 0.5 to 
1 kl)-cm 2. As a corrosion product forms, an alloy-dependent second time constant is 
evidenced. This second time constant results in a systematic increase in the polarization 
resistance of the material, with the effect being least for pure copper. 

On all of the alloys tested, the enhanced corrosion resistance was due to a process 
associated with the specimen surface, such as diffusion through the corrosion product 
layer or limited catalysis of the cathodic reaction, rather than by diffusion through a 
Nernst-like fluid boundary layer. The latter was evidenced by a lack of rotation speed 
dependence of the polarization resistance. The inner layer provides protection for pure 
copper. The greater corrosion resistance of the copper-nickel alloys, 90-10 copper-nickel 
and 70-30 copper-nickel,  appears to be due to the outer, loosely adherent corrosion 
product layers, since the rate increases when these layers are removed. Since palladium 
coating prior to removal of these outer layers significantly increases the reaction rate, the 
corrosion product surface must have a poor catalytic nature for the oxygen reduction 
reaction. This would force oxygen to diffuse within the pore electrolyte to sites deep in the 
porous layer where the surface is more catalytic for the oxygen reduction reaction and 
where electrons are readily available for oxygen reduction. The oxygen diffusion step in 
the pore electrolyte is partially or completely rate limiting for the overall corrosion 
reaction, in accord with the parabolic kinetics reported after the first period (->10 h) of 
corrosion-product layer formation [1]. 
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DISCUSSION 

F. Mansfeld I (written discussion)--It is surprising that you did not find an effect of mass 
transport  on the corrosion rates of  copper and Cu-Ni. It is well known that in chlorine- 
containing media the anodic reaction is mass transport  controlled. The reaction has been 
discussed by Pickering et al., among others. In our studies of copper-based materials in 
natural and artificial seawater we found that Eco~ was independent of rotation speed of  a 
rotating cylinder electrode, while icor~ increased. This is the result of both the cathodic and 
the anodic reactions being mass transport  controlled. 

Your conclusion that oxygen reduction occurs at the bottom of pores in the outer 
corrosion product layer is interesting. We reached the same conclusion and are applying 
the inhomogeneous surface model (Jfittner et al.) for the analysis of EIS data. This model 
considers mass transport  of oxygen through porous layers. 

H. Hack and H. Pickering (authors' closure)--In this corrosion system, the cathodic 
reaction is much slower than the anodic reaction. Therefore, regardless of the rate- 
controlling step of the anodic reaction, the overall rate of both reactions will be controlled 
by the rate-controlling step of the slower cathodic reaction. Oxygen mass transport 
through the fluid boundary layer controls the rate of the cathodic reaction, and thus the 
anodic rate, in the early stages of the corrosion process before the corrosion product film 
is fully developed. After the development of the film the rate of the cathodic reaction drops 
well below this mass-transport-limited rate. The authors conclude that this is due to the 
film's ability to slow down the cathodic reaction by providing pores through which the 
oxygen must diffuse in order to react. The formation of the corrosion product film is 
sensitive to small changes in the environment. It is possible that a less protective film was 
formed in Dr. Mansfeld 's  experiments than in ours due to some environmental difference. 
His film may not have reduced the cathodic reaction rate below the fluid mass-transport- 
limited rate for his experimental  setup. It would be instructive to compare the experimen- 
tal setup and environmental parameters  of Dr. Mansfeld's experiments and ours. We are 
pleased that he has independently come to the same conclusion as this research regarding 
oxygen reduction occurring at the bot tom of pores, and look forward to his analysis using 
the inhomogeneous surface model. 

~University of Southern California, Los Angeles, CA, 90089-0241. 
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ABSTRACT: Differential corrosion of carbon steels and in particular welded joints has long 
been recognized as a problem in aqueous environments. Minor differences in composition 
and microstructure can cause severe differential galvanic corrosion effects that lead to rapid 
rates of corrosion on particular types of steel or weld consumables. 

To study this mode of corrosion a monitoring technique was developed that allows corro- 
sion rates and galvanic currents to be assessed. The design of this instrumentation facilitates 
the use of impedance measurements on single electrodes while they are effectively coupled 
as part of a mixed metal system. The individual impedance responses may be analyzed to 
give information on the rates of corrosion for each element together with information on the 
separate anodic and cathodic reaction mechanisms. 

The effects of differential galvanic corrosion have been studied in a range of environments 
both in the laboratory and in the field. Data are presented for aerated and deaerated seawater 
and also CO2 brine system with inhibitor additions. 

KEYWORDS: electrochemical impedance spectroscopy (EIS), weld corrosion, CO2 corro- 
sion, inhibitors 

Galvanic effects or differential corrosion resulting from mixed metal combinations is a 
well-recognized phenomenon. Materials selection, insulating gaskets, cathodic protection, 
and coatings are standard methods of minimizing such problems in practical engineering 
situations. However, there are many cases where differential effects resulting from rela- 
tively minor differences in alloy composition cannot be prevented, as in welded structures. 
Hence, the use of appropriate weld consumables and weld procedures is crucial in primary 
control of the corrosion problem. 

One practical means of preventing weld metal corrosion with carbon steels is to add 
traces of more noble elements to the weld consumables with the aim of producing a more 
resistant weld metal; the parent plate then acts as a large anode. However, such an 
approach may also result in increased attack of the heat-affected zone (HAZ). 

The oil and gas production industry has found that corrosion of weld metal or heat 
affected zones, or both, is increased significantly by high fluid turbulence in lines contain- 
ing produced fluids or where treated seawater injection is used to maintain reservoir 

1CAPCIS MARCH Limited, Manchester, M1 2PW, England. 
2CAPCIS Limited, Manchester, M1 2PW, England. 
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pressure. Corrosion penetration rates of up to 15 mrn/yr have been found. The detailed 
mechanisms involved in these macrocorrosion cells are the subject of continuing research, 
but the galvanic corrosion effects appear to be enhanced by the morphology of the 
semiprotective films formed under the high turbulence of the fluids. 

Measurements of electrochemical processes associated with relative anodic and ca- 
thodic areas of differential corrosion cells is therefore of practical and scientific interest. 
The ability to make simultaneous measurements of such areas, while individual electrodes 
comprising the differential cell remain coupled at the common corrosion potential, offers 
an obvious advantage. For example, on-site studies of inhibition weld corrosion in an 
operating flow line in offshore oil and gas production require that the electrode test 
assembly responds rapidly to process conditions, such as change of fluid velocity and 
composition. Alternative measurement methods where each electrode is held at a common 
potential by means of potentiostats is not feasible particularly as it requires insertion of a 
reference electrode into the line. This paper describes how segmented but coupled elec- 
trodes can be used to evaluate differential corrosion behavior of weldments by measuring 
the response of each element across separate zero resistance ammeters. 

In the case of flowlines and manifolds in production systems, the corrodant is carbon 
dioxide dissolved in the aqueous brine and oil phases; with seawater injection, as used for 
secondary recovery, it is typically traces of oxygen or reducible species remaining after 
deaeration and scavenging treatments that cause the corrosion problem. Practical means 
of controlling such corrosion first require the selection of appropriate weld procedures and 
then the use of inhibitor treatments or adequate control of oxygen and chemical additions. 

Laboratory tests, involving a range of electrochemical measurements, are invaluable for 
the selection of materials and inhibitors for specific duties. Electrochemical techniques can 
be employed in the laboratory and on site under field conditions to optimize weld corro- 
sion control programs using process control dosage procedures. 

Electrochemical Techniques 

The increasing use of electrochemical impedance spectroscopy (EIS) can be traced back 
to the development of digital frequency response analyzers and spectrum analyzers during 
the early 1970s. EIS is an ideal and widely used technique for the investigation and 
monitoring of general or uniform corrosion. It is also effective in studies of inhibition and 
evaluation of change in dielectric constant of both organic coatings and anodized alumi- 
num. 

As a method of general applicability for investigation of localized corrosion, EIS has 
limitations. This is particularly true for stress corrosion cracking and pitting studies where 
electrochemical noise, that is the analysis of the random current and potential transients, 
is a more appropriate technique. For example, although EIS may be used to identify 
pitting corrosion from the scatter of the low-frequency range of the impedance plot such 
data do not conform to the Kramers-Kronig Transform because the corrosion system is 
unstable. Additionally the scatter noted in the spectra may not be purely due to localized 
corrosion and may be as a result of changes in the environment. EIS has, however, been 
used to model specific cases of localized corrosion such as that produced by diffusion 
within crevices [1,2], and the effect of local anodes positioned within a passive layer [3]. 

One area of investigation where we have successfully exploited electrochemical imped- 
ance is in the investigation and control of corrosion produced by differential or galvanic 
effects in carbon manganese steels. These galvanic cells can be associated with differences 
in metal and alloy composition, geometric effects, and differences in local hydrodynamics 
that give rise to flow assisted corrosion and erosion corrosion. 
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Impedance data from differential systems can be relatively complex to interpret and it is 
essential that they are analyzed in conjunction with galvanic current measurements and 
differential polarization. It is the combination of these techniques that provides the most 
powerful means of assessing differential corrosion behavior. 

Galvanic Measurements 

The standard method used in evaluation of mixed metal corrosion is to couple two 
different electrodes through a zero resistance ammeter (ZRA). The current between the 
couple is then monitored by the ZRA and is used to assess galvanic effects when, for 
example, the electrode area ratio is changed. A major disadvantage with this basic tech- 
nique is an inability to obtain individual polarization or kinetic data from each electrode 
without disconnection of the couple. A standard polarization measurement can provide 
curves for the overall couple, with the coupled electrodes as the working electrode in the 
polarization circuit. The individual polarizations have to be inferred or extrapolated from 
the curves by using the change in coupling current. 

One means of obtaining individual polarization information is to couple each electrode 
through its individual ZRA to a common earth. The galvanic current into, or out of, each 
electrode is then monitored separately by each ZRA. Also, any externally applied polar- 
ization current, as supplied by a potentiostat, and the resultant current flowing through 
each electrode, can be measured by the ZRAs. This approach, proposed by D. A. Eden, 
was first assessed in 1983 [4], and reported in 1986 [5]. Experimental polarization data 
obtained from such an arrangement for a two-electrode couple would comprise three 
polarization curves, one for each electrode in the couple, plus an overall or composite 
curve from the external polarizing potentiostat. 

Electrochemical impedance spectra can also be obtained from such an interface arrange- 
ment. An illustrative example of impedance data from an extreme macrogalvanic cell 
which was obtained from connecting mild steel to zinc can be seen in Fig. 1. The zinc 
electrode has a distinct charge transfer relaxation and a Warburg diffusion, presumed to be 
zinc dissolution coupled to oxygen reduction, while the steel cathode appears largely 
diffusion-controlled with limited charge transfer indicating that the oxygen reduction re- 
sponse is essentially from the limiting current density portion of the polarization curve. 

The overall impedance response from the two electrodes is a combined response from 
the steel plus zinc; the difference in solution resistance arising from the relative positions 
of the working electrodes and the reference electrode. Coupling-current measurements 
showed that the electron flow was from the zinc to the steel, as expected. The experimen- 
tal impedance curve from the couple can also be derived or simulated mathematically in 
complex number notation from the individual anodic and cathodic electrode responses. 

All the EIS and LPR data presented in this paper have been generated from a "coupled" 
system where all electrodes are electrically formed together to a common earth through 
individual ZRAs. In this configuration the external polarization is applied by the potentio- 
stat to the coupled system which is held at the combined rest potential; the individual LPR 
and EIS is then measured across each ZRA. In the case of weldment corrosion studies the 
five-electrode array was produced by sectioning two samples of pipe material (P1 + P2), 
two heat-affected zones (HI and H2) and the weld metal (W), as shown in Fig. 2. 

Methodology 

The corrosion of weld metal can be attributed to the differences in composition of the 
weld metal, the microstructure of an as-cast metal, and the high distribution of micro 
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inclusions resulting from deoxidation practices [6,7]. The corrosion of a heat-affected zone 
(HAZ) occurs where a noble weld metal is laid in combination with a parent of high 
hardenability. Low-temperature transformation products such as martensite and upper 
and lower bainite may, in the absence of sufficient alloy content, produce an active HAZ. 
It is not generally the low-temperature transformation products that corrode preferen- 
tially; however,  their presence in an HAZ results in a matrix of ferrite that is "dr iven"  by 
the cathodic martensitic and bainitic structures [8]. 

Micro-Struc tura l  Effects  

In order to assess basic metallurgical effects, a range of microstructures was produced 
in an EN3B carbon steel by quenching, austempering, and solution annealing. In this 
manner, five structures were produced: as-wrought, martensitic, lower bainite, upper 
bainite, and solution annealed. Electrodes of each of  these materials were machined, to 10 
mm diameters after heat-treating. An electrical connection was made to the rear face and 
the specimens were encapsulated as a composite electrode in epoxy resin in an equispaced 
circular array on a 25-mm diameter. The electrodes were polished to a 1200 grit finish prior 
to testing in an aerated seawater solution at 20~ 

The impedance responses for these materials coupled together are shown in Fig. 3. As 
would be expected for seawater systems, the corrosion is under control by the diffusion of 
oxygen, and thus it is difficult to estimate corrosion rates from the spectra. It can be seen, 
however,  that the traces can be used for ranking of corrosion performance. The overall 
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FIG. 2--Schematic representation of weld sectioning. 

trace shows the composite response, the data indicating the solution annealed structure to 
be the most anodic with the other elements showing more noble behavior in the increasing 
order;  martensitic, pearlitic (wrought), upper bainite, and lower bainite. This ranking 
correlated with the galvanic currents measured and the linear polarization responses 
measured across the individual ZRAs (Table 1). The ZRA current rankings, the linear 
polarization resistance (LPRM), and the corrosion rates from EIS show good correlation 
for this system. 

These results show that minor changes in microstructures can result in differences in 
corrosion rate in the coupled condition of up to one order of magnitude. It is therefore not 
surprising that alloy additions of up to 1% can greatly affect the corrosion behavior of 
welded joints.  

Welded Joints 

The traditional Manual Metal Arc (MMA) weld consumable for high-integrity welded 
joints in C-Mn pipeline steel has been E7016. This consumable has led to rapid corrosion 
attack in a range of systems [9]. 

This has led to a range of alloyed consumables being adopted, typically containing either 
nickel or a combination of copper and nickel (E7018G, E8018G) [10]. 

Welds were prepared from an E7016 and an E7018G consumable in X52 pipeline steel. 
These were cut into 10-mm transverse sections, polished to 1 ixm on all faces and etched in 
2% Nital. Sections of the weld metal, HAZ (including fusion line), and parent metal on 
both sides of the joint  were carefully taken. An electrical connection was made to the rear 
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EN3B M i c r o s t r u c t u r e s  in  Seawater. 20C. 7ppm Oxygen. 
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TABLE 1--Corrosion rates o f  EN3 microstructures in seawater. 

243 

ZRA (mA/cm 2) LPR (ram/y) EIS (mm/y) 

Martensitic - 14.6 0.18 - -  
Pearlitic - 8.9 0.2 - -  
Solution Annealed + 56.5 1.2 0.96 
Upper Bainite - 16.5 0.17 - -  
Lower Bainite - 16.5 0.17 - -  
Overall - 0.38 = 0.3 

TABLE 2--E1S results for weld type 1 (E7018-G). 

Corrosion 
Re, (Wcm 2) Cdl (F/cm 2) Rate (mm/y) ZRA (mA/cm 2) 

Parent 1 46 0.0026 6.3 + 28 
HAZ1 44 0.0036 6.6 + 32 
Weld 53 0.0022 5.4 - 37 
HAZ2 76 0.0022 3.8 - 54 
Parent2 44 0.0026 6.6 + 31 

TABLE 3- -EIS  results for  weld type 2 (E7016). 

Corrosion 
R .  (Wcm 2) Cdl (F/cm 2) Rate (mm/y) ZRA (mA/cm 2) 

Parent 1 85 0.001 3.4 - 53 
HAZ1 38 0.0016 7.6 - 30 
Weld 20 0.0038 14.4 + 200 
HAZ2 52 0.0031 5.5 - 37 
Parent2 84 0.001 3.4 - 80 

face and mounted  in epoxy  (Fig. 2). The electrodes  were  then polished to a 1200 grit finish 
prior  to test ing in 3.5% sodium chloride at 60~ saturated with carbon dioxide. 

The  results  of  these  tests are shown in Figs. 4 and 5. As would  be expec ted  the most  
anodic (posit ive current)  e lements  on the Z R A  traces also show the most  anodic or  act ive 
cor ros ion  on the impedance  spectra.  It can be seen from this data that the differences 
be tween  alloy levels  in the weld metal  can be easily determined by the individual imped- 
ance spectra.  Type  1, E7018G, weld al loyed with nickel shows lower  corrosion rates than 
one H A Z  region and both parent  steels but  a slightly higher rate than the o ther  H A Z  
region. Type  2, E7016G weld metal ,  unal loyed C-Mn weld,  shows up to four  t imes the 
corros ion rate of  the parent  steel (Tables 2 and 3). 

The  accepted  route  for enhanced  weld per formance  has been to alloy the weld metal.  
H o w e v e r ,  in " s w e e t "  carbon dioxide (no hydrogen sulfide present) systems the base 
corros ion  rate is unacceptably  high, so inhibition is often the preferred option. This 
approach to weld corros ion  monitor ing presented  earlier can also be applied to inhibition 
studies. 
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Segmented Weld 3.5~ NaC1. J00X C02. 60C. Type t .  

50 

+ P a r e n t  I .  
o HAZ 1. 
O N e l d .  
A HAZ 2 .  
v P a r e n t  2 .  

& 

A 

A §  + v  

+" " g o +"o A 4 F O  O 

O v +  

ac~% O 

A 

& 

50  100 

Z - R e a ]  ( ohmcm '2 ) .  

6E+01 

4E+01 

Segmented Weld in 3.5% NaC]. 100% C02. 60C. Type t .  
l E+02  . . . .  , . . . . . . . .  

8E+01 a. .~. A ,a 

A 
0 O .0 

D 

2E+01 

N 

IE+01 

BE+00 

6E+00 

4E+00 

2E+00 

tE+00 

+ P e r e n t  1.  
o H A Z  t .  

O N e ] d .  
A A HAZ 2 �9  

A v P a r e n t  2 .  

V A 

u t~ A 
~ , 

A 
~ O 

A a O 

D O A 
,p 

o ~ .  A 
v 

. . . .  , , , , , , , l e  I . . . . . . .  e 

1 E - 0 t  I E §  JE+01 

L O G ( f r a q )  

FIG. 4pEIS for E7018-G segmented weld�9 

IE+02  

Copyright  by ASTM Int ' l  (a l l  r ights  reserved);  Tue Dec 29 00:51:18 EST 2015
Downloaded/pr inted by
Universi ty  of  Washington (Universi ty  of  Washington)  pursuant  to  License Agreement .  No fur ther  reproduct ions authorized.



ROTHWELL ET AL. ON INTERPRETING EIS FROM ELECTRODES 

Segmented Weld in  3 . 5 g  NaCl, t00g (:02. 60C. Type 2.  

2 4 5  

5O 

0 
0 

v v 

v 4 -̀ 4 -̀ § 
+ v 

v 
§ 

+* A A 
A 

A v  I~ 0 0 & 
A til4" u o A 

o d + < L  

.'o 
Z - R e e l  ( o h m c I ' 2 l .  

4 -̀ P a r e h t  t .  
u HAZ 1 .  
0 Held .  
A HAZ 2 .  
v P a r e n t  2 .  

4- 
v 

§ 
v-I- 

v 4,- 
v § 2 4 7 2 4 7 2 4 7  

v v v  

100 

N 

o 

I E + 0 2  

i E * 0 t  

t E + 0 0  . . . . .  
I E - 0 t  

Segmented Weld in 3.5X NaCI, iO0~ C02, 60C. Type 2. 

. . . ,  . . . . . . . .  , 

A A & A A A &  ~ 4 "  

O O D O D  D A A  V 
O a O  A 

0 A 
Q 

a 

O 0 G 0 0 0 
0 

0 
0 

G 

4 -̀ 
v § 

v A 4 -̀ 

o A v 
(3 

O 
O 

O 

4̀ - P a r e n t  1 .  
D HAZ 1.  
o W e l d .  
& HAZ 2. 
v P a r e n t  2 .  

4`- 

v 
4`- 

v ,. 4`- 
v + 

v 

o 

. . . . . . .  , . . . - . ,  

1E+00 1E't-01 

LOG ( f r ' eq )  

FIG. 5--EIS for E7016-1 segmented weld. 

I E ~ 0 2  

Copyright  by ASTM Int ' l  (al l  r ights  reserved);  Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
Universi ty of  Washington (Universi ty of  Washington) pursuant  to License Agreement.  No further  reproductions authorized.



246 ELECTROCHEMICAL IMPEDANCE 

Segmented Weld in  3 . 5 ~  NaC1. t00~ C02. g0C. 1000Ppm. B lank .  
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TABLE 4~Results from rotating segmented electrodes inhibitor trials. 

249 

Corrosion 
Element R~, (Wcm 2) Cdl (F/cm 2) Rate ( m m / y )  Efficiency (%) 

Blank 
Parent 85 0.0002 3.4 
Weld 86 0.0003 3.4 
HAZ 106 0.00025 2.7 

I0 ppm Inhibitor 
Parent 2500 0.0002 0.12 
Weld 4100 0.0006 0.07 
HAZ 2050 0.0002 0.14 

50 ppm Inhibitor 
Parent 3170 0.0002 0.09 
Weld 8300 0.0004 0.03 
HAZ 5000 0.0002 0.06 

96% 
98% 
94% 

97% 
99% 
98% 

Inhibition Effect 

A T1G E8018G consumable was laid in X52 pipeline steel and sectioned as per the 
previous work. Electrodes of weld metal, HAZ, and parent steel were mounted 
equispaced in a 34-mm diameter cylindrical mold in epoxy resin. The cylinder was pol- 
ished to a 1200 grit finish prior to testing. The results presented in Figs. 6 through 8 and 
Table 4 were obtained at 90~ 100% carbon dioxide using a Rotating Cylinder at a 
rotational speed of 1000 r/min with a 90:10 formation water: brine solution. 

These results show that the individual response of each element to inhibition can be 
determined. These data demonstrate that inhibitor packages can be formulated to effec- 

10 

C-Mn Weld Consumable in Oil Flowline. 
(Increasing Inhibitor Concentration.) 

Est. Corrosion Rate [mm/yr] 
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FIG. 9--Field data for  E7016 consumable during inhibitor trials in an oil flowline. 
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EFFECT OF CHLORINE ADDITION 
ON WELDMENT CORROSION 
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FIG. lO--Field data for  E7018-G consumable during chlorination trials m a seawater 

injection system [9]. 

tively protect  the entire weld area. It is not appropriate to take a standard inhibitor 
package, test it on parent steel, and expect uniform performance across a welded joint. 

Similarly, data on parent plate during chlorination of  a seawater injection system or 
inhibition in oil flow lines cannot be applied to a weld. Examples of what may happen are 
shown in Figs. 9 and 10. These data were obtained during offshore trials in the North Sea 
using weld sectioned probes and the techniques described in this paper. In both these 
cases the weld/HAZ corrosion was exacerbated when data from parent electrode probes 
indicated the effect to be insignificant. 

Conclusions 

Electrochemical impedance spectra from segmented electrodes can be used to deter- 
mine the corrosion mechanisms and corrosion rates occurring on separate electrodes while 
these are effectively coupled together so as to form one component. 

EIS analysis can be used to determine the performance of welded joints in a range of 
environments both in the laboratory and in the field. This allows parent/consumable 
combinations to be assessed for compatibility and the effectiveness of inhibitor treatments 
to be determined. 

As with all electrochemical techniques the data interpretation is more effective when 
analyzed in conjunction with zero resistance ammetry and linear polarization measure- 
ments. 
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DISCUSSION 

F. Mansfeld I (written discussion)--You mentioned that you have determined experi- 
mentally the B-values for the conversion of R, into corrosion rates. Please give experimen- 
tal value of B for the parent metal, the weld metal, and the HAZ, and indicate how these 
values were determined experimentally. 
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Evolution of Electrochemical Impedance 
During Sealing of Porous Anodic Films on 
Aluminum 

REFERENCE: Dawson, J. L., Thompson, G. E., and Ahmadun, M. B. H., "Evolution of 
Electrochemical Impedance During Sealing of Porous Anodic Films on Aluminum," 
Electrochemical Impedance: Analysis and Interpretation, ASTM STP 1188, J. R. Scully, 
D. C. Silverman, and M. W. Kendig, Eds., American Society for Testing and Materials, 
Philadelphia, 1993, pp. 255-275. 

ABSTRACT: Electrochemical impedance spectrocopy (EIS) has been used to study the 
hydrothermal sealing of porous anodic films on aluminum. The 5-p.m and 15-p.m-thick films, 
originally formed by anodizing 99.99% wt% aluminum in sulphuric acid, were immersed in 
boiling distilled water and in-situ impedance measurements were made continuously during 
the sealing process. Comparisons of the spectra were also made after removal of the films 
from the boiling water bath after various times and immersion in distilled water at ambient 
temperature. 

Analysis of the EIS data, presented as Bode plots of impedance and phase angle against 
frequency, showed development of hydrated films and decrease of the original barrier layer 
thickness. Electrical equivalent circuit models were used to interpret the detailed changes in 
solution resistance, hydration of the films (Rh and Ch) and the barrier layer (Rb and Cb). The 
major difference between the in-situ boiling water and the cold water spectra was considered 
to be the result of alumina gel formation at higher temperatures, with distinct precipitation at 
lower temperatures. Evidence of precipitation, at the outer film surface, pore mouth block- 
ing, and eventual hydration within the pores is also presented. 

KEYWORDS: electrochemical impedance spectroscopy (EIS), anodized aluminum, hy- 
drothermal sealing, film hydration, modeling 

Sealing of porous anodic alumina films as a result of immersion in boiling water is a 
standard method of improving the protection of aluminum to atmospheric corrosion. Thus, 
aluminum is first anodized in appropriate electrolytes with the resulting films having a 
typical porous honeycomb morphology, with a barrier layer separating the electrolyte next 
to the base of the pores from the aluminum substrate. The color of the anodized article 
depends on the alloy, bath composition, and time of anodizing, whereas the major anodic 
film parameters (pore and cell diameters and barrier layer thickness) are directly depen- 
dent on the anodizing voltage. 

The purpose of hydrothermal treatment, or sealing, is to develop pore plugging of the 
porous film. This process is generally accepted as being associated with the formation of 
crystalline material on the outer film surface [1-4], and more subtle changes in the film 

1Senior consultant, CAPCIS Ltd/CAPCIS-MARCH Ltd, Manchester, MI 2PW, United Kingdom. 
2Professor of Corrosion Science and Engineering, Corrosion and Protection Centre, UMIST, Man- 

chester M60 1QD, United Kingdom. 
3Scientist, Metal Protection and Finishing Department, Metal Industry Development Centre, 

Selangor, Malaysia. 
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256 ELECTROCHEMtCAL IMPEDANCE 

depths, including dissolution of the cell-walls, precipitation of hydrated alumina within the 
pores, and development of intermediate layers [4]. 

Electrical impedance measurements were first proposed in 1962 as a practical means of 
characterizing the sealing process [I]. Further, measurement of pore electrolyte resistance 
after sealing is a standard guide to the extent of pore filling [5] and provides an ex-situ 
assessment of the sealing quality and likely performance. However, the subtle changes 
associated with the sealing of films are only partly revealed by conventional single fre- 
quency admittance measurements, typically performed at Ik Hz [6-8]. 

The development of digital frequency response analyzers has enabled researchers to 
obtain a wide frequency range of electrochemical impedance spectra. Consequently im- 
proved process or quality control [9,10J can be achieved by evaluation of the various 
contributions to the impedance and understanding of their influence on the overall sealing 
mechanisms [10,11]. Additionally, assessment of corrosion processes can be obtained by 
analysis of low frequency (<l Hz) impedance changes [12,13]. 

Hydrothermal sealing processes appear to involve three distinct overlapping stages 
[3,4]; first, precipitation of material in the pores occurs, especially near the outer film 
surface. The second stage is formation of crystalline material at the film surface, which is 
considered to be of relatively minor significance. The final stage is associated with continu- 
ing changes within the film depths, possibly involving aggregation of alumina material and 
a redistribution of porosity. There is also evidence of an intermediate layer, probably of 
decreased porosity, located below the surface crystals and extending into the film; the 
development of the intermediate layer occurs at a progressively decreasing rate with 
sealing time. 

The present paper reports on in-situ impedance data obtained on anodized aluminum 
during immersion in boiling distilled water. The objective was to assess the value of the 
impedance technique as an in-situ monitoring approach. The in-situ data are compared 
with more conventional measurements, reported by other workers [1,2,9-16,18-21]; these 
are performed ex-situ by immersion in cold distilled water. Impedance measurements were 
also made during intermittent sealing, that is during both reimmersion in boiling water 
after immersion in cold water and on further removal. The observed differences between 
spectra obtained in boiling water and cold water, together with the evolution of impedance 
with time, are interpreted in terms of electrical circuit analogues or equivalent circuits. 
Such circuit models also include the contributions from morphological features observed 
during ex-situ electrochemical examination of hydrothermally treated anodic films 
[2-4,24]. 

Experimental 

Electrodes, 1 by 1 cm surface area, were prepared from a sheet of aluminum (99.99 wt% 
Al; 0.002% Cu; 0.004% Fe; 0.003% Si) by cutting a spade-shaped sample and masking all 
but one face with epoxy resin. The exposed surface was electropolished in a perchloric 
acid/methanol mixture at 20 V for 5 rain at 50(2, then washed in distilled water and finally 
dried in a cool air stream. 

Individual specimens were anodized at a constant voltage of 17 V in 1.5 M sulphuric 
acid at 20 -+ l~ for various fixed times to provide film thicknesses of 2.5, 5.0, and 15 ~m. 
Such conditions reflect those used commercially. After anodizing, the specimens were 
washed in distilled water for 5 min followed by two further rinses in fresh distilled water; 
this standard procedure was followed throughout the work. Immediately after final rinsing, 
the anodized specimens were sealed in boiling distilled water under reflux. Water conduc- 
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R 

1""11 
Generator Amplifier 

FIG. 1--Schematic arrangement for "two-electrode"frequency response analysis. 

tivity was 1.8 p~S cm-~; the pH was 5.5 at 20~ which was not adjusted further. After 
sealing, specimens were dried immediately in a cool air stream. 

EIS data were obtained using two identically prepared specimens held 1 cm apart in the 
test cell; for in-situ measurements, the frequency range or number of data points, or both, 
were reduced to decrease the measurement duration to between 4 and 10 min. A Solartron- 
Schlumberger 1250 FRA, with a Thompson Ministat as interface, controlled by a Hewlett 
Packard HP85 personal computer by means of IMPED Software [25] were employed. The 
two-electrode arrangement used for impedance measurements is shown in Fig. 1. 

Results and Interpretation 

Typical Ex-Situ Data and Previous Equivalent Circuit Models 

Complex plane impedance plots illustrate the major changes observed after the sealing 
process (Fig. 2). Thus, although the overall film impedance decreases with hydrothermal 
treatment, there is development of a high-frequency response; this detail is partially 
resolved by expansion of the axis as indicated in the inset. The more appropriate method 

2500000 

Z" (ohm .cm 2) 

10.62 Hz .* 

Z' ..L.n.cm ~') 

01155 HZ= a Without treatmcn t 
r catrnent 

/ o.~zO3Hz \ 

Z' (~m. cm 2) 

FIG. 2--Complex phase plots of  (a) the unsealed 2.5-~m thick porous film and (b) the 
film after sealing for 570 s. The inset in the diagram reveals the data on an expanded Z 
axis. 
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FIG. 3--Bode plots for the (a) unsealed and (b) sealed 2.5-1xm thick films of Fig. 2. 

of presenting the data is in the form of Bode plots of impedance and phase angle against 
measurement frequency, log rzi versus log to and log 0 versus log to (Fig. 3). 

Change in response of aluminum, anodized to produce a 2.5-1xm-thick film, before and 
after sealing for 570 s, but obtained ex-situ in cold water, are indicative of capacitive (high 
phase angle) and resistive (low phase angle) components. The approximate magnitudes of 
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the RC components can be extracted using the conventional methods of impedance analy- 
sis, as indicated in Fig. 3. Values of the RC components may then be fed back into an 
appropriate model equivalent circuit; adjustment of the model or of the component values, 
or both, so that the simulated model curves fit the experimental data provides an assess- 
ment and analysis method. 

For the unsealed anodic film, a simple circuit model of a solution resistance, Rs, in series 
with a parallel RC combination of barrier layer resistance, Rb, and barrier layer capaci- 
tance, Cb, describes most of the data. However, there is some evidence in the low- 
frequency phase angle data of a secondary film component, possibly due to a hydration 
process. In the present work a limitation is recognized in the analysis since when the 
solution resistance is high, as in relatively low-conductivity distilled water, and where Rs 
approaches Rb, it may not be a simple procedure to extract values of Cb. However, the 
capacitance data of Fig. 3 suggest a barrier layer thickness of 17 nm, assuming a dielectric 
constant of 10 and using the relationship between capacitance and thickness of a parallel 
plate condensor C = %e.A/d, where t0 is the permittivity in free space, ~ is the dielectric 
constant, A is the area, and d is the thickness. This is the expected value for films formed 
in sulphuric acid and was independent of  the overall film thickness (2.5, 5, and 15 txm). 

A schematic diagram of the simplified cross-section of a porous anodic film on aluminum 
is given in Fig. 4a; the equivalent circuit and nomenclature adopted by Jason and Wood 
[14] is given in Fig. 4b. The circuit was developed from the observed change in the 
capacitance of electrical condensers with adsorbed water content. Considering Fig. 4b, the 
capacitance between two conducting layers, separated by a mixed alumina, air, and water 
dielectric of total thickness d is Co and the leakage resistance is Ro. The pore base 
capacitance and resistance are represented by C2 and R2 respectively and R1 is the resist- 
ance of the pore. Under 100% relative humidity conditions, R j represents the resistance of 
the pore electrolyte (R,). This circuit is similar to that first used to describe an unsealed 
porous anodic film [1]. 

For partly sealed films, a modified circuit (Fig. 5) has been proposed by Hoar and Wood 
[I]. This circuit simulates pore filling and a degree of pore end plugging, R~_z, G-2 and RH,  
C~.~, respectively, in agreement with the results of Hunter, Towner, and Robinson [15]. 

Impedance spectroscopy measurements on anodic films formed in oxalic acid and sealed 
in hot water at 99.5~ led Koda et al. [11] to suggest that an equivalent circuit comprising 
the barrier layer, R b and Cb, porous layer, Rp and Cp, and solution resistance, Rsom, should, 
in principle, described the system (Fig. 6). This is similar to the circuit proposed by Hitzig 
et al. [16], which was used to describe the sealing of sulphuric acid formed films; the 

(a) (b) 
Outer conductor Outer conductor 

Mr 

FIG. 4--Schematic diagrams of (a) simplified section of the porous anodic film and (b) 
equivalent circuit of single pore [4]. 

Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



260 ELECTROCHEMICAL IMPEDANCE 

~ 

;~z;' . . . .  ::q 

i R1J 

4 

,.2 - = %  : 

FIG. 5--Schematic diagram of the change in pore morphology during sealing and the 
modified circuit analogue [1]. 

increase in Rp and decrease in Cp with sealing time were considered to be due to partial 
pore filling (Fig. 7). Koda et al. concluded that hydration of the porous layer gave rise to 
pore filling, while development of the higher frequency response, R h and Ch, was the result 
of hydrated film formation (Fig. 8). 

A more appropriate circuit for the present study, based on electronoptical evidence 
[2-4,24] and incorporating elements of previous models, would appear to include the 
solution resistance, R,, hydrated film components, Rh and Ch, and the barrier layer, Rb and 
Cb (Fig. 9). As shown later, although this may be a simplified model, it is useful in many 
cases; however, more detailed consideration has to be given to specific hydration pro- 
cesses and conductivity changes to describe fully the response from amorphous alumina 
films produced by anodic oxidation. 

(a) AI 

! Barrier (b) 

! 
�9 ] 

I r , Solution 
1 

3 
P o r o u s  - Layer 

(p) 

C b Cp 

R b Rp 

FIG. 6--Schematic diagram of the porous anodic film and equivalent circuit [11]. 
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FIG. 7--Schematic diagram of the partially sealed anodic film and modified circuit 
analogue [16]. 

In-Situ Impedance Measurements and Models for Continuous Sealing in Boiling Water 

Bode plots obtained from aluminum, supporting 5-1xm-thick porous alumina films, 
immersed in boiling water, are shown in Fig. 10. Thus, although a general decrease in the 
overall impedance, IZI, was observed during extended immersion, there was also an initial 
increase in the high-frequency range during the first 4 rain of immersion, The dashed line 
shows the expected high-frequency response based on the low-frequency data. Figure 11 
shows that this increase in high-frequency impedance was more pronounced with a 15-1xm 
porous film [17]. The phase angles also showed a general decrease over the first 60 rain, 
associated with the higher frequency ranges, but this was then followed by an increase in 
the lower frequency phase angle response on prolonged immersion. A similar trend was 
observed with the film formed to 15 ~m. 

The use of a suitable equivalent circuit can generate simulations of the impedance data. 
A general model for the in-situ responses observed during immersion in boiling water 
incorporates an apparent solution resistance, R'soi, and apparent hydrated film, R~ and C~, 
and apparent barrier layer, R~, and C~, components (Fig. 12a). However, this model can be 
initially simplified depending on the values of C~ and R~, (Fig. 12b) or even simplified 
further to incorporate R'o~ and R'HC~ into R~, Fig. 12c. R~ then represents the apparent 
hydrated pore resistance. 

Understanding of the physical meaning of the previous components is assisted by 
following their evolution with time of immersion in boiling water. The early changes, 
proceeding over the initial 4 rain with the 5-1~m film and over the initial 20 rain for the 15- 
Ixm film, appear to involve leaching of residual acid from the porous morphology (the 
specimens were previously anodized in a sulphuric acid bath). Changes in pH during 
sealing in nickel sulphate have been reported [18], although Spooner and Forsyth [19] 
suggest that physically adsorbed water and retained anodizing electrolyte are lost before 
the film reaches 100~ The presence of soluble species from the dissolution of alumina 
and the release of adsorbed/absorbed electrolyte anions should increase the pore solution 
and boiling water conductivity; hence R'so~ and Rb should decrease initially. This low 
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FIG. 8--Schematic diagrams depicting circuit responses for the partially sealed anodic 

films [20,21]. 

conductivity and lack of hydration accounts for the early, relatively low magnitude of the 
impedance in the higher frequency data above 100 Hz (Figs. 10a and 1 la). 

The experimental values of R~, C~ and R~, observed by cprve fitting of the EIS data, 
were then replotted against immersion time (Fig. 13). This indicates the trends of de- 
creases in apparent resistances and increase in apparent capacitance associated with bar- 
rier layer thinning. The increase in C~ appears to involve two Stages (Fig. 13b); a relatively 
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FIG. 9--Simplified equivalent circuit for a porous anodic film. 

slow process, of duration up to 50 min, is followed by an increasing rate of change. This is 
reflected in the changes in apparent barrier layer resistance, R~ (Fig. 13c), which also 
occur over the first 45 min, and the more gradual decrease of hydrated pore resistance, R~, 
(Fig. 13a). 

The data for the 15-1~m film, obtained during continuous sealing, and replotted against 
time of immersion in boiling water show similar trends of decrease in R~, (Fig. 14a) and 
increase in C~, although the capacitance reached a maximum that was followed by a slight 
decrease, (Fig. 14b). However, the apparent barrier layer resistance increased with time 
(Fig. 14c). Thus, even though similar trends are observed as a result of the hydration 
processes, there are also some differences resulting from changes in the original porous 
film thickness. 

The progress of sealing results in the dissolution of the porous film skeleton, releasing 
AP § ions and eventual formation of hydrated alumina; these contribute to the decrease of 
R~. The increase in C~ is indicative of barrier layer thinning, although the slight decrease 
with the 15-1xm film after 150 rain immersion also suggests hydration of the barrier layer. It 
is evident that decreasing the barrier layer thickness decreases R~ for the 5-p~m film but, 
with a thicker film, the thinning is compensated not only by hydration but also by possible 
precipitation and agglomeration processes, which occur close to the barrier layer as 
suggested by O'Sullivan and Wood [2]. 

Ex-Situ Impedance Measurements, Distilled Water at 20~ 

Comparisons were made between specimens monitored in boiling water and the more 
"conventional" measurements obtained ex-situ by immersion in cold water. Here the two 
identical specimens were removed after a specific time from the boiling water hy- 
drothermal bath, immersed in distilled water at 20~ and EIS measurements were made. 
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F I G .  lO--Impedance results from 5-txm film during continuous sealing in boiling water; 
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FIG. l 1--Impedance results from 15-~xm film during continuous sealing in boiling 
water; (1) 0 to 5 min; (2) 7 to 11 rain; (3) 12 to 16 rain; (4) 17 to 21 min; (5) 22 to 28 min; (6) 
27 to 33 rain; (7) 35 to 44 min. 

The specimens were then returned to the boiling water for further sealing and the cycle 
repeated. The evolution of the conventional impedance with time was therefore deter- 
mined and the data again interpreted in terms of electrical circuit analogues. 

The equivalent circuit models employed (Fig. 15) were derived from consideration of 
possible components that could be present; these were based on examination of electron 
micrograph cross-sections of the films [2-4,24]. The models were then simplified to corre- 
spond more closely to the measured resistance and capacitance values extracted from the 
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FIG. 12--Equivalent circuits used to describe the in-situ hydrothermal process, show- 

ing possible circuit simplications revealed from (a) to (b) to (c). 

experimental data. The resistance and capacitance values were inserted into a simulation 
program and the simulated impedance curves compared to the experimental curves. 

The schematic diagram and equivalent circuit of the anodized, but unsealed anodic film 
(Figs. 15a,b,c) identify the cell and electrolyte resistances, pore wall, and barrier layer 
resistances together with the pore wall and barrier layer capacitances. Since the contribu- 
tion from the pore electrolyte and porous film appears to be negligible, then a simplified 
circuit (Fig. 15c), comprising the barrier layer, RB and CB, and solution resistance, R,, 
provides an adequate description of the film and its impedance. 

Impedance measurements in distilled water at 20~ after various periods of sealing of 
the 5-1xm film are shown in Fig. 16. The components produced by the hydration process 
can be represented by an overall hydration resistance, Rn, and hydration capacitance, Cn, 
as indicated in the schematic diagram of Fig. 15d and the equivalent circuit of Fig. 15e; 
Fig. 15e can be further simplified to that of Fig. 15f, which is similar in some respects to 
previously proposed models (Fig. 9). 

The evolution of the various components with time is given in Fig. 17, which shows the 
change in R,, increases in Rn and C b and decreases of CH and Ro. The detection of Rn 
(between G and N in Fig. 15d) indicates that changes in Rs, due to the pore blocking, Ron, 
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FIG.  13--Change of (a) apparent hydrated pore resistance, R'~, (b) apparent barrier 
layer capacitance, C~, and (c) apparent barrier layer resistance, R~, during continuous 
sealing of the 5-1xm porous film. 
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FIG. 14--Change of(a) apparent pore resistance, R~, (b) apparent barrier layer capaci- 
tance, C~, and (c) apparent barrier layer resistance, R'~, during continuous sealing of  the 
15-p,m porous film. 

(between G and E) have occurred. Electron micrographs show that the surface hydration 
product, pseudoboehrnite [2-4,24], consists of an acicular or lamellar shaped product, 
which may eventually obliterate the outer pore surface. 

In general, RH is detected more readily and a more rapid decrease of CI~ is evident with 
thicker films; the rate of increase of Cb is also greater with thicker films. Pore mouth 
plugging or sealing is achieved after about 5 min of hydrothermal treatment, largely 
involving development of pseudoboehmite by precipitation. Importantly, the difference 
between the in-situ measurements in hot water and the conventional cold water responses 
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FIG. 15--Schematic diagrams and proposed equivalent circuit for unsealed (a,b,c) and 
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FIG. 16- - Impedance  measurements  on a 5-t~m thick film; the measurements  were made 
in cold water after various times o f  immersion: (1) 0 s; (2) 30 s; (3) 60 s; (4) 90 s; (5) 120 s; 
(6) 180 s; (7) 300 s. 

appears to be primarily due to the presence of an alumina gel phase at higher temperatures 
that transforms into a "solid," precipitated material when the alumina film is removed 
from the sealing bath and the temperature falls to ambient levels. 

In order to test the gel material hypothesis, specimens were continuously monitored 
using EIS for a period of time in hot water, removed and the impedance in cold water 
determined, replaced in the hot water and again continuously monitored, and the proce- 
dure repeated. The interrupted sealing data gave the same trends as for continuously 
sealed specimens; thus if the periods of time when the specimen was out of the hot water 
bath are subtracted from the time scale, then the in-situ data were comparable to a 
continuously immersed specimen. This strongly suggests that the transformation from gel 
to precipitate, and vice-versa within the pores, is largely reversible. Other experimental 
data [24] for long term sealing (not shown here) clearly reveal the existence of three time 
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FIG. 17--Change of (a) solution resistance, Rs, (b) hydrated pore resistance, RH, (c) 
hydrated pore capacitance, CH, (d) barrier layer resistance Rb and (e) barrier layer capaci- 
tance, Cb, after increasing periods of sealing; the measurements were made in cold water. 

constants or peaks, representing the hydrated pore (RH and Ca), the section of the pore 
between the intermediate layer and the barrier layer (RH1 and CUE) and the barrier layer (Rb 
and Cb). 

Discussion 

The EIS data obtained in-situ during hydrothermal treatment of porous anodic films on 
aluminum provide new, detailed information on the sealing processes. Bode plots of 
impedance and phase angle against frequency are suitable methods of data presentation for 
this system in which the impedance response covers a wide frequency range. Electrical 
circuit analogues are appropriate means of analysis and interpretation of the evolution of 
the impedance with time of  sealing. There are no electrochemical reactions involved in the 
sealing process and therefore there is no requirement to invoke the over-simplified equiva- 
lent circuit representation of kinetic parameters. 

The circuit models used in the present work are not entirely new [13,16,19-23]. How- 
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ever, the components used in the present study identify important parameters of the sealed 
film (Figs. 9, 12 and 15). In other models, Rs represents solely the resistance of the 
electrolyte or medium in which the impedance measurements were conducted; this ap- 
pears to over-simplify the interpretation. Rs incorporates effects from the surface crystals 
of pseudoboehmite, any intermediate layer as well as the cell electrolyte resistance. 
Separation of the hydrothermal treatment effects on the film surface (R,), in the pores (Rn 
and Cn) and in the barrier layer (Rb and Cb) enables the developments during hydrothermal 
treatment, or the sealing processes, to be monitored with immersion time. 

Sealing is not a simple process of a gradual buildup of hydrous oxide on the barrier 
layer, pore wall, and film surfaces as suggested by some other workers. Morphological 
observations from electron microscopy show the progressive development of an outer 
precipitated film [2-4,24], pore plugging and precipitation of solid material within the pores 
down to the original barrier layer [2]. These morphological changes are also reflected in the 
in-situ (boiling water) and ex-situ (cold water) impedance spectra and are particularly 
obvious when these are analyzed by plotting the evolution of extracted values of the 
appropriate circuit components with time. 

Interpretation of the impedance data in terms of development of an outer film, pore 
mouth plugging followed by barrier layer thinning and further precipitation on pore walls 
mirrors in general terms the morphological changes. 

The mechanisms by which sealing develops can be summarized from comparisons 
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between the conventional or cold water data and the in-situ hot water monitoring. The 
surprising difference lies in the responses from the hydrated pores during in-situ monitor- 
ing at the sealing temperature. The important, and possibly controlling, parameter  appears 
to be the development of the hydrated gel produced by dissolution of the alumina cell 
material enveloping the pore. Precipitation on the outer film surface plays a major role in 
the development of the plugging of the pore mouth. Hydration within the pore, resulting 
from dissolution from the surface of the pore wall and the barrier layer proceeds more 
slowly since it relies on diffusion processes.  The presence of a gel at higher temperature 
facilitates this process,  while decreasing the temperature, i.e., by removing the specimen 
from the sealing bath, transforms the gel to a precipitate which effectively hinders further 
diffusion processes.  

The analysis and interpretation of EIS on sealed and partially sealed porous films 
produced by anodizing of  aluminum in sulphuric acid has provided a more detailed insight 
into the mechanisms of sealing. The influence of film thickness and differences between 
different films produced by other anodizing processes requires further investigation. How- 
ever, the equivalent circuits proposed are able to assist in the understanding of the sealing 
processes and offer advantages over previous models. 
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DISCUSSION 

F. Mansfeld I (written discussion)--The impedance data shown indicate that the anodic 
film is dissolving and the pore resistance is decreasing during the sealing process which is 
just  the opposite of what one wants to achieve by sealing. In our experience, the changes 
of the anodic layers observed in your tests occur if the acid used in the anodizing process 
is not carefully removed before seal ing--preferrably in an alkaline bath. Failure to remove 
acid can lead to corrosion during seal ing--exact ly  what you have observed. 

J. L. Dawson, G. E. Thompson, and M. B. H. Ahmadun (authors' closure)--The in-situ 
impedance data show a decrease in resistance as opposed to an increase in resistance 
which is observed in conventional (cold water) sealing studies. While it is appreciated that 
a sealed film shows an increased resistance compared with the unsealed film in cold water, 
this study reveals the trends in behavior in both hot and cold water. Thus, in-situ pro- 
cesses proceeding prior to pore filling with solid material are defined. Eventually, in cold 
water solid products will fill the pores leading to an increased resistance. The general 
result that sealing results in an increase of resistance, measured at ambient temperature, is 
not in question. 

1University of Southern California, Los Angeles, CA, 90089-0241. 
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ABSTRACT: Characterization of a variety of electrochemical parameters associated with 
the corrosion of aluminum, Al-Cu, and AI-Si alloy thin films (-1-p.m-thickness) in dilute 
hydrofluoric acid (HF) has been accomplished using electrochemical impedance spectros- 
copy (EIS). Phenomena characterized include the transition from passive to active dissolu- 
tion with increasing HF concentration, determination of diffusional impedances associated 
with ionic transport through the passive oxide, detection of the initiation and repassivation of 
a population of metastable pits, changes in aluminum oxide resistivity and state of hydration 
at open circuit potential (OCP), and establishment of trends in oxide film growth with anodic 
potential. Impedance studies on model intermetallic phases and artificial pits were also 
conducted in order to aid in the interpretation of these phenomena. A survey of the analyses 
and interpretation methods utilized to obtain such information from impedance spectra is 
presented. 

KEYWORDS: aluminum oxide film, electrochemical impedance, diffusional impedance, hy- 
drofluoric acid, metastable pitting, oxide capacitance, oxide resistance, passivity, pit capaci- 
tance, repassivation, theta phase precipitates 

Nomenclature  

dc direct current 
CE Counter electrode 

CPE constant phase element 
EIS electrochemical impedance spectroscopy 

ETR electron transfer reactions 
FRA frequency response analyzer 

HF hydrofluoric acid 
h f  high frequency 
F formal 
I f  low frequency 

IC integrated circuit 
IR ohmic voltage error 
IA image analysis 

NLLS nonlinear least squares analysis 
OCP open circuit potential 
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area fraction of pits (-) 
Breakdown potential 
Repassivation potential 
interfacial capacitance of copper electrode (}xF/cm 2) 
Helmholtz or double layer capacitance (~xF/cm ~) 
double layer capacitance of pit (ixF/cm 2) 
oxide space charge capacitance (~LF/cm z) 
total capacitance for defective oxide surface (txF/cm 2) 
oxide thickness (nm) 
ion diffusion coefficient in oxide (cm2/s) 
dielectric constant (-) 
permittivity of free space (8.85 x I0-14F/cm) 
frequency of ac signal (Hz, where to = 2~rf) 
( -  1)1/2 

distance associated with ionic diffusion at frequency to (cm) 
oxide transfer coefficient, about 0.5 (-) 
dimensionless constant usually between 0 and 1 associated with CPE, i.e., Ycp, = 
Yo(jto)", n = 1 for an ideal capacitor and 0.5 for an infinite diffusional impedance 
finite diffusional impedance parameter (see Ref 8) 
area fraction of theta-Al2Cu precipitates 
interfacial or oxide resistance of theta phase site (fl-cm 2) 
interfacial resistance of pit site (fl-cm 2) 
solution resistance between RE and WE (ll-cm 2) 
oxide resistance for passive A1 (ll-cm 2) 
total resistance of oxide and all defect sites (fl-cm z) 
apparent intrinsic resistivity of oxide including defect sites (II-cm) 
apparent intrinsic resistivity of A1 oxide excluding defect sites (O-cm) 
apparent intrinsic resistivity of theta phase defect sites (fl-cm) 
average Warburg impedance coefficient, where W = ~r/to 1/2 ( 1 - j )  (~-cmZ/s 1/2) 
Warburg impedance coefficient for anions diffusing in an oxide film 
Warburg impedance coefficient for cations diffusing in an oxide film 
RC time constant (s) 
oxide RC time constant obtained from multiplying Rox by Cox (s) 
symbol representing infinite diffusional impedance parameter (see Ref 8) 
frequency of applied ac signal (rad/s) 
magnitude of admittance (mho/cm 2 or mho) 
admittance constant used in the expression for the constant phase element, (Ycr~) 
= Yo(Jto)". In the case of  the Warburg diffusional impedance, 1/Yo = (r 

real component of admittance (mho/cm 2 or mho) 
imaginary component of admittance (mho/cm 2 or mho) 
voltage field strength (5 x 106 V/cm for AI oxide) 
magnitude of impedance such that Z = (Z '2 + Z"2) I/2, (ll-cm 2) 
real component  of impedance, (fl-cm 2) 
imaginary component  of  impedance, (fl-cm 2) 
diffusional impedance associated with diffusion through a passive film, (f~-cm z) 
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Characterization of the corrosion of thin film metallic materials (on the order of 11xm in 
thickness) in aqueous solutions is often a difficult task to accomplish using dc electrochem- 
ical techniques. For instance, anodic polarization of thin films in solutions that destabilize 
their passivating oxide can sufficiently accelerate dissolution so as to result in complete 
penetration of the thin film during the experiment. Alternatively, metastable pit growth in 
passive aluminum alloys, occurring as a result of galvanic coupling between intermetallic 
phases resulting from alloying and the solute depleted matrix, cannot be readily probed by 
dc polarization methods since the localized galvanic cell develops at the prevailing open 
circuit potential (OCP) without the application of an external current. Gravimetric deter- 
mination of corrosion rate is also a difficult task for thin metallic films of nanoscale 
dimensions except with quartz crystal microbalances. Electrochemical impedance spec- 
troscopy (EIS) is a suitable technique for such applications. EIS is also an in-situ method 
capable of monitoring pit initiation and changes in passive film characteristics prior to 
initiation [1,2]. Finally, solution IR voltage errors make dc methods difficult to perform 
accurately, especially in dilute electrolytes simulating rinse solutions used in integrated 
circuit (IC) processing or in dilute solutions simulating subsequent exposure to moisture in 
combination with low levels of contaminants. 

In the present study, EIS was used in conjunction with other techniques (dc electro- 
chemical, electron optical, and UHV spectroscopies) to characterize active dissolution, 
passivity, and metastable pitting of pure aluminum and aluminum alloy thin films in dilute 
hydrofluoric acid (HF) solutions. The purpose of the present paper is to present a survey 
illustrating the application of EIS to aid in the characterization of such phenomena. The 
pertinent application for the metal/electrolyte system described is corrosion of aluminum 
alloy thin film IC interconnections. Localized corrosion occurs during processing of such 
components especially when they are exposed to rinse solutions used following HF 
etching [3,4]. 

Experimental Procedures 

High purity aluminum (99.995%), A1-0.5 wt. % Cu, A1-2 wt. % Cu, and A1-2 wt. % Si 
were sputter deposited (800 to 1200 nm) on either quartz, sapphire, or boron doped silicon 
wafers with a SiO2 surface oxide. A1-Cu alloys were processed to produce a microstruc- 
ture consisting of 1-txm-diameter columnar grains containing O-A12Cu precipitates at grain 
boundaries. A more detailed description is provided elsewhere [3-5]. Environments con- 
sisted of catalytically pyro-distilled water [6] with small additions of reagent grade hy- 
drofluoric acid (10 _5 to 10 -3 Formal). HF dissociates almost completely to F-  in very 
dilute concentrations [4]. Calculated partitioning of solute between HF, F- ,  and HF2- in 
mol/L and measured pH as a function of HF concentration was (a) 4.5 • 10 8 HF, 9.37 x 
10 7 H F 2 - ,  5.5 • 10 4 F- ,  and pH = 3.3 in 10 -~ F HF; (b) 1.2 • 10 -5 HF, 8.8 • I0 5 

F- ,  and pH = 4.1 in 10-4F HF; and (c) 1.4 x 10 _7 HF, 9.9 • 10 -6 F , and pH = 5.1 in 
10 4 F H F .  

Impedance spectra were collected using systems consisting of either a Solartron Model 
1255 FRA, PAR Model 273 potentiostat and PAR M388 software, or Solartron Model 1250 
FRA, Solartron Model 1286 potentiostat, and ZPLOT TM software [7]. EIS spectra were 
analyzed using either a Macintosh Ilcx computer and procedures devised by the author or 
with a 386/16 PC with math co-processor. The equivalent circuit software written by B. 
Boukamp (EQUIVCRT.PAS) was used with the latter [8]. A capacitively coupled (0.1 tzF) 
platinum wire augmented the conventional H g / H g z S O  4 reference electrode at high frequen- 
cies. Results are reported v e r s u s  H g / H g 2 S O 4  which is + .615 V versus SCE. A fiat speci- 
men cell arrangement was employed which placed the working electrode (0.04 cm 2 area) 
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and counter electrodes (platinum) at opposite ends of a small cylinder. Potentiostat phase 
shifts were minimized by selection of appropriate measuring resistors but were neverthe- 
less present at frequencies greater than 1000 Hz owing to the low solution conductivities. 

EIS data analysis was performed by first selecting an equivalent circuit model based 
upon a rational physical description of the phenomenon being probed as well as prece- 
dence for similar phenomena in the literature. The subsequent analysis procedure was 
based on the consistent observation of experimental EIS spectra that contained a high 
frequency (h f)  process which was quite semicircular in the complex plane and a low 
frequency (lf) process best represented by a constant phase element (CPE) in series with 
the hf parallel resistor. The If process did not return to the real axis in the complex plane 
over experimentally reasonable (e.g., mHz) excitation frequencies. EIS analyses included 
the following steps: (a) circle fit and partial nonlinear least squares (NLLS) fit of the 
clearly distinguished hf impedance process; (b) subtraction of solution resistance from the 
real component of impedance, Z ' ;  (c) determination of the capacitance associated with the 
hf impedance process from linear regression analysis of the calculated imaginary compo- 
nent of admittance, Y", versus applied frequency, o~, as described elsewhere [3]; (d) 
determination of the parallel resistance and capacitance associated with the hf impedance 
relaxation using (1) a circle fit routine, (2) Kramer-Kronig transformation methods [3], or 
(3) partial NLLS;  and finally (e) determination of low-frequency complex impedance from 
(1) total NLLS fit of  entire spectra using either a CPE, infinite diffusional impedance 
element (W), or a finite diffusional impedance element (O) in series with the hf parallel 
resistance, or (2) linear regression analysis of Z" and Z'  data plotted versus 0~- ~/z data at If. 
See Ref 8 for a complete description of these procedures. For the hf relaxation all 
analyses methods produced parameters with magnitudes which were identical within 
_+5%. 

Results and Discussion 

Characterization of the Passive to Active Transition for Pure Aluminum in Dilute HF 

Aluminum complexes readily with F -  in aqueous solutions containing HF or NaF. 
Hence one might hypothesize that the native barrier oxide is gradually converted to a 
hydrated salt film at the oxide solution interface. Figure 1 illustrates dc polarization results 
on pure AI as a function of  HF concentration. All data are IR corrected. A transition from 
passive to active behavior is observed with increasing HF. The polarization behavior is 
consistent with the notion that the native A1203 film is converted to a nonprotective A1F 3- 
3H20 film at all concentrations but the most dilute. A white gel-like film was observed at 
10 -3 F HF but not at the more dilute concentrations. This suggests that the solubility of 
AIF3-3H20 is exceeded at the aluminum surface at high dissolution rates possible in 10 -3 F 
HF, but not at the lower dissolution rates observed in the more dilute solutions. This 
concept is supported by the solubility of AIF3 which has been reported to be approxi- 
mately 6 • 10-2 mol/L at 25~ [9]. At a mass transport controlled anodic dissolution rate of  
10 -3 A/cm 2 such a surface concentration may be achieved in quiescent solution as long as 
the diffusion coefficient for A1 +3 cations in solution is 5 • 10 -6 cm2/s or  lower and mass 
transport is unidirectional. A passive polarization response is observed at 10 -5 Formal HF 
and presence of an aluminum oxide was verified by post-exposure XPS and AES analyses 
[3,4]. No white gel was observed. With EIS it is possible to monitor the conversion of the 
native oxide-covered metal to A1F3 covered or bare metal with both exposure time and 
increasing HF concentration. EIS also provides a means to verify the presence of oxide at 
the most dilute concentration. Figures 2a-c illustrate the experimental impedance re- 
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FIG. 1--Anodic polarization behavior for pure Al thin films in hydrofluoric acid at 10 -5, 
10 -4, and 10 -3 Formal concentration. All data are IR corrected. Complete dissolution o f  
Al electrodes is observed in more concentrated solutions. 

sponse at an applied potential of - 1.0 V and the accompanying NLLS fit. EIS data over 
the same range of H F  concentrations as shown in Fig. 1 are depicted. Table 1 summarizes 
the parameters  associated with the EIS fit assuming the equivalent circuit model illustrated 
in Fig. 3a. According to this model, oxides are characterized by a h f  parallel RC network 
consisting of the oxide capacitance in parallel with the oxide resistance and a If  diffusional 
impedance associated with anion and cation transport  across the oxide. The oxide imped- 
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FIG. 2--Experimental EIS response (symbols) and Total NLLS  Data Fit (solid line)for 

pure Al at - 1.0 V assuming the impedance model shown in Fig. 3. (a) 10 -3, (b) 10 -4, and 
(c) 10 -5 Formal HE concentration. In all cases the electrode area is ~0.1 cm 2. 
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FIG. 2--(continued) 

ance is proportional to oxide thickness and inversely proportional to the ability of the 
oxide to support both electronic and ionic charge transfer across the oxide�9 The If EIS 
response associated with the diffusional impedance of the oxide depends on the Warburg 
coefficient for both anions and cations, Gr. The rationale for choosing this particular model 
is based upon previous work on oxide-covered metals in the literature [10]. The quality of 
the fit degrades at If  (Fig. 2) in a similar manner as observed elsewhere [11]. In particular 
the If  CPE slope, n {where Yc~ = Yo(jto)"}, sometimes differed from 0.5, the expected 
value for an infinite diffusional impedance (see Table 1). The reason for this is not clear. 
Further discussion of this point will be undertaken elsewhere [12]. However, the assump- 
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TABLE 1--E1S parameters for the electrical equivalent circuit model shown in Fig. 3a for an 
oxidized aluminum surface in the passive region at - 1.0 V. The parameters shown were obtained 

from the NLLS fit (solid line) of the experimental data (symbols) shown in Figs. 2a-c.  

HF Conc. R,ot Rox Cto, l/Yo If CPE* n 
(M) (fl-cm 2 ) (f~-cm 2 ) (l~F/cm 2 ) ( ~ - c m 2 / s  1/2 ) ( - -  ) 

10 -3 2.3 • 10 3 6.5 X 10 2 6.6 none rda 
10 -4 l a x  10 4 3.1 • 10 3 9.1 2.3 x 10 3 0.4 
10 -5 5.3 • 104 3.5 • 104 5.3 1.0 x 104 0.7 

*NOTE: Zd has been replaced by a CPE for a non-ideal semi-infinite diffusional impedance where 
Zd = 1/(Yoo~"(1-j). 

FIG.  3--Electrical equivalent circuit models for  AI electrodes with a compact native 
oxide film. (a) Passive region, (b) redox couple at the oxide~solution interface. Za has been 
modeled as a CPE in this paper. 

t ion  of  a semi- inf ini te  (as o p p o s e d  to finite) dif fusional  i m p e d a n c e  model  is no t  the  source  
of  this  e r ror .  The  semi-inf ini te  a s s u m p t i o n  is val id w h e n  

lo <~ dox w h e r e  l~ = (DoxhO) ~ (1) 

whe re  dox is the  ox ide  th i ckness ,  Dox is the  ca t ion  or  an ion  diffusion coeff icient  and  lo is the  
cha rac te r i s t i c  d i f fus ion leng th  o v e r  wh ich  the  ion can  m o v e  in the  t ime one  cycle  is 
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completed at the frequency of the applied ac signal, co. This criterion is satisfied if dox > 1 
rim, D < 10 -16 cm2/s, and to = 0.01 Hz. It will be shown in the following paragraphs that 
these requirements are satisfied. 

Concerning the hf  EIS response, the capacitance obtained by EIS is, in principle, given 
by the space charge capacitance, Cox, in series with the capacitance across the Helmholtz 
layer at the oxide solution interface, CH [13] 

where Cox is given by 

1/C,o, = llCo~ + IICI-I (2) 

Cox = eeoldo~ (3) 

dox is the oxide thickness and other terms have their usual meaning. Cox is 1.5 to 3 IxF/cm 2 
just after exposure which yields a 3-nm-thick AlzO3 film from Eq 3 assuming e = 5 to 10. 
This barrier oxide thickness is in good agreement with Auger data from the native oxide 
prior to exposure [3,4]. Since CH is normally 40 to 60 ixF/cm 2, C, ot is dominated by Cox in 
Eq 2 for a homogeneous oxide-covered surface. The assignment of the hf  CPE to a 
capacitor is well justified based upon the linear slope associated with plots of F'  versus co 
and the CPE exponent obtained in the NLLS fit, n, {Y~ = Yo(Jto)"} which was always 
between 0.9 and 1.0 and usually very close to 1.0. 

Rox and Cto t a r e  shown in Figs. 4a and 4b as a function of exposure time at OCP for the 
HF concentrations indicated. Capacitance data indicate thinning of the native barrier 
oxide with increasing exposure time since (a) Ctot at short exposure times is in good 
agreement with initial oxide thicknesses calculated using Eq 3 and verified by AES-sputter 
depth profiling, and (b) Cto t increases with exposure time indicative of oxide thinning and 
exposure of bare metal. Note that Ctot increases with increasing HF concentration while 
Rox decreases (Fig. 4) and that the If diffusional impedance is no longer observed at 10 -3 F 
HF (Fig. 2). These results further substantiate the claim that the If EIS response observed 
in dilute HF is indeed attributed to a diffusional impedance associated with the oxide since 
the conversion of the oxide to gel-like salt resulted in suppression of the If diffusional 
impedance response. The data in Fig. 4 indicate that the native oxide is dissolved and 
converted to a salt film within about 10 rain in the 10 - 3  F HF solution. 

EIS data taken in the passive region (i.e., - 1.0 V in Fig. 1) will be dominated by the 
oxidation process itself. Charge transfer across the passive oxide occurs by anionic and 
cationic transport. Transport of these species or their vacancies occurring during oxidation 
is described by the Nernst-Planck equation which includes terms describing Dox, the 
diffusion coefficient of the anion or cation, concentration, charge, Faraday's constant, and 
the electric field strength [10,14-16]. Assuming that the field strength is independent of 
oxide thickness or applied potential, this equation has been solved under the ifluence of a 
sinusoidally modulated potential to yield an impedance describing movement of cations 
that includes a diffusional impedance term [10,14] 

Za = (~.~ca/~,, + aoa)o~ ~ (4) 

Operating under the assumption that the If CPE is associated with an oxide diffusional 
impedance we may now calculate the effective value of or. Figure 5 illustrates a plot of Z" 
versus to-o.5 in the If range. The parameter cr = (~ra.~ca/tra, + crc,) is equal to 1/Yo, {so that 

Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



284 ELECTROCHEMICAL IMPEDANCE 

E 
? 
E 

e.- 

ff) 

n- 

i -  

(a) 

105 

104 

10 3 

R - . . . . . . .  n . . . . . . . .  u . . . . . . . .  u . . . . . . . .  ,,, 

- l i e - m � 9  "nn " In I 0 5 F  HF 

i 
\ 

\ 
\ 

O \  
\ 

�9 \ 

o d ~oO �9 
/ f ~ � 9  10"4FHF 

/ 

100 

�9 "~1' �9  � 9 1 4 9  10"3F HF 
. . . . . . .  i . . . . .  , , , l  , , , , , , , , I  , , i , , i ,  

101 102 103 104 
Time (minutes) 

E 

O t-  

O 

o 

, , z - ,  

O 
I -  

10 . . . . . . . .  I " O  . . . . . . .  u . . . . . . . .  I . . . . . . . .  

/ \ .4~. 
/ O ~, - , 

I /w  --... 104F HF 
/ �9 

/ . Ill 10-5F HF 
1.0"0 ," 

~ -i @ ,m-" 

_ _ _m m - w m m m m  w i n " "  

0 

1 0 ~ 1 01 1 02 1 03 1 04 
Time (minutes) 

(b) 

FIG. 4 - - H f  resistance and capacitance associated with pure Al exposed at OCP in 
dilute HF solutions. (a) resistance, (b) capacitance. 

Za = (1/Yo) o~-" (1 - j)}, where n = 0.5 for an ideal infinite diffusional impedance. Table 2 
presents the product of the passive current density, ip .... and I/Yo at - 1.0 V in 10 -3, 10 -4 ,  

and 10 -5 Formal HF. This product should be approximately equal to a constant, that is to 
say independent of potential or HF concentration if the assumed model is valid [10,14]. 
The product of Rox and/pass is also equal to a constant. These results confirm the presence 
of an oxide film in dilute HF. The diffusion coefficient associated with anion and cation 
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- 1 . 0  V in 10 -~ Formal HF. A similar trend was noted for Z'  versus ~-o.J. Electrode area 
is ~0.1 cmL 

movement in the oxide is estimated from the product of/pass and tr [10] 

ip,,ss tr = (Dox/2) ~ (~/1 - X) (5) 

where 0 is the voltage field strength reported to be 5 x 10 6 V/cm for aluminum oxide [14] 
and X is a transfer coefficient, close to 0.5 for most oxides [14]. This expression is only 
valid if the product/pass ~ as well as the other parameters are independent of potential and 
pH. The product ipa,s cr was found to be independent of potential as well as pH. Equation 5 
produces an estimated cation/anion oxide diffusion coefficient on the order of 10-17 cm2/s. 
This is in reasonable agreement with the literature and much too low to be indicative of a 
diffusional process occurring in the aqueous solution [I0]. The criterion described by Eq 1 
concerning the assumption of an infinite diffusional impedance is also satisfied. 

TABLE 2--Product of impedance parameter and passive current density for pure Al in dilute HF 
solutions of various concentrations, and resulting anion-cation diffusion coefficient. 

HF Conc. Ro~ • 1/]1o x ivas~* Dox 
(M) (~-~A) (tl-lzA/s ~ (cm2/s) 

10 -3 12 X 1 0  4 - -  - -  

10 -4 9X 10 4 7• 10 4 9 x  10 -17 
10 -s 14• 10 4 4• 104 3x 10 -~7 

*The passive current density was obtained at - 1.0 V in Fig. 1. 
Do, is calculated using Eq 5. 
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Characterization of Pitting Initiation and Repassivation Using Impedance Methods 

Resistance Measurements 

Having established in the preceding section that a passive oxide film is maintained on 
aluminum and aluminum alloys in dilute HF of a concentration below 10 4 Formal HF, we 
now focus on an investigation of passivity and its breakdown due to localized corrosion. 
Aluminum alloy thin films undergo metastable pitting at OCP in 10 -5 Formal HF [3,4]. In 
other words, small 1-1xm pits are nucleated at potentials well below conservatively deter- 
mined pitting potentials. EIS is useful for characterizing the initiation of such points in- 
situ. The electrical equivalent circuit model describing a heterogeneous AI-Cu alloy sur- 
face in dilute HF is shown in Fig. 6. For AI-Si, the circuit element representing theta (O) 
phase sites is replaced with one describing elemental silicon precipitate sites, while for 

R ox/(1-c~'O) Wox/ ( l"~ 'O)  

C ox(l"~" O) 

I 

R sol 

R 0 / 0  W 0 / 0  

0 C o  

R pit/(x W pit/(x 

(x C pit 

J 
1 (1-(~- 8) O 

-- 4" @ 

i~ TOT R ox R-0 R pit 

C'IOT =(I"(x'O) Cox + OC e + aCpit  
FIG. 6--Proposed electrical equivalent circuit model for AI-Cu alloys undergoing pit- 

ting. Circuit model shown is relevant over an intermediate frequency range, ct is the area 
fraction o f  pit sites, 0 is the area fraction o f  O-phase sites, and the subscripts pit and ox 
denote the pit sites and oxide covered sites, respectively. 
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pure aluminum this circuit element is removed. The model is based on numerous studies 
presented in the literature [1.-.4,17,18]. It consists of  parallel pathways for electron transfer 
reactions (ETR) at pits, across the aluminum oxide, and either cathodic ETR occurring on 
or anodic reactions across the O-phase oxide. For ETR across an oxide, oxide resistance 
is a function of the oxide's ionic and electronic characteristics, and its thickness. The total 
resistance and capacitance of the system can be determined independently of any Warburg 
diffusional impedance, W, at h f  since the real and imaginary components of W are in- 
versely proportional to to 1/2, and are, consequently, minor contributors to the impedance 
measured at intermediate or high frequencies. The model includes a single solution resist- 
ance and is not subject to varying solution resistances as a function of applied frequency or 
pit activation as discussed elsewhere [19]. The reason for this is probably related to the 
geometry of the thin film system. Here, the reference electrode (RE) was placed a distance 
of 5x  10 3 ixm (0.5 cm) from a 0.1 cm 2 WE surface. In comparison, 1-1xm-sized pits are 
formed with an average distance of separation between nearest neighbor pits of 5 Ixm. This 
arrangement arguably leads to a relatively uniform current distribution experienced at the 
RE. It also differs significantly from the situation where the RE is placed within fractions 
of a cm near a -0.1-cm-sized pit [19]. Under the former conditions the circuit shown in 
Fig. 6 reduces to a total resistance in parallel with a total capacitance. Rsot, Rtot, and Ctot 
are determined from the experimental EIS data using the procedures previously discussed. 
A1-Cu alloys consist of oxide-covered areas, pit sites, and O-phase oxide sites. Here, the 
total resistance, Rtot,  is given by 

1]Rto t -- (1 - ct - O)/Rox + O/Ro + ot/Rpi t (6) 

In the present investigation the area fraction of pits, a, is zero until approximately one h 
after exposure as verified by sequential removals and examination. O, the area fraction of 
oxide covered O-phase precipitates, is about 0.01 to 0.001 but depends on Cu concentra- 
tion. Rtot,  Rox , and Ro were readily determined from studies on separate electrodes con- 
sisting of the alloy, pure aluminum, and O-phase, respectively, Ro,, is 105 ~2-cm 2 just after 
exposure of pure aluminum, consistent with an oxide resistivity, Pox, of the order of 10" I~- 
cm for a 3-nm-thick film, in good agreement with the literature [20]. Ro is also l0 s f~-cm 2 at 
OCP which is consistent with independent evidence that an aluminum oxide exists on the 
O-phase [4]. However, it is unclear whether the oxide impedance or cathodic ETR at the 
oxide/electrolyte interface will dominate the impedance spectra of the O-phase. Rpi t repre- 
sents the polarization resistance for anodically polarized bare aluminum in the pit. Rpit w a s  

estimated to be about 10 to 100 f~-cm z for bare aluminum based on results for the 10 -3 
Formal HF solution but depends on applied potential. An artificial pit solution represented 
by a sauturated A1F 3 solution resulted in similar values which decreased with increasing 
anodic potential. However Rtot was difficult to determine for the alloys after pit initiation 
due to violation of the impedance causality requirement at lower frequencies (i.e., electro- 
chemical noise) (Fig. 7). Rtot could be determined from the hf  Kramer-Kronig Transforma- 
tion method but its exact meaning remains unclear. Independent of the noise problem, Rtot 
was not the best indicator of pitting. If a = 0.001 and Rpi t = 10 to 100 Sq-cm 2, Rto t will only 
decrease by a factor of 2 to 10, according to Eq 6. Such a modest decrease could also be 
partially offset by increases in Rox if oxide thickening occurs due to galvanic coupling of 
the matrix to O-phase sites. Consequently, greater emphasis was placed on capacitance 
measurements for characterizing metastable pitting. 
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FIG. 7--Imaginary component of  impedance (Z') plotted versus to for AI-2% Cu in 10 -5 
Formal HF at various exposure times indicating noise at If after pitting initiation. 

Capacitance Measurements 

Cto~ is dominated by Cox in Eq 2 for a homogeneous aluminum oxide covered surface 
with dox > 1 nm. Ctot for a heterogeneous surface consisting of an insulating oxide in 
parallel with pit or cathodic O-phase sites is given by the sum of Cox for A1203 and CH 
developed across the Helmholtz layer for the charge transfer sites, whether they are 
represented by pit sites, Cpi,, O-phase cathodic sites, Co, or pure copper, Ccu. 

C t o  t = (1  - o/. - O ) C o x  --1- O f  0 dr- O t f p i  t (7) 

Ccu and Co were obtained from separate studies on Cu and O-phase electrodes. Ccu was 
about 100 i~F/cm 2. Co was 1 to 2 i~F/cm 2 but increased to 10 ;xF/cm 2 after 3 h at OCP. Cpit 
was 100 to 400 ;xF/cm 2 for pure aluminum in saturated A1F3. Since Cox is orders of 
magnitude smaller than Ca, Ctot will increase markedly upon pitting initiation and perhaps 
cathodic activation of the O-phase as shown by Eq 7. C,ot can be determined at hf  using 
several methods. Since Ctot is represented by a passive linear circuit element, its measure- 
ment at hf  was free of  spurious noise and constitutes a valid impedance measurement. 

Metastable pitting occurs on aluminum alloy thin films as well as pure aluminum in 
10-SF HF at their respective OCPs. The OCPs of these alloys are below the average 
critical pitting potential obtained in potentiodynamic scans [4]. Hence EIS is useful for 
investigating this phenomena. Increases in C,o, after about an hour at OCP provide in-situ 
indication of metastable pitting initiation. Initiation was also verified from serial removals 
and inspection by SEM and optical microscopy. C,ot data are shown for A1, AI-Si, and AI- 
Cu (Fig. 8). The quality of  the hf  data (i.e, frequency dispersion) from which Ctot is 
determined does not change with pit initiation. This was not expected given the flat AI 
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F I G .  8--Tota l  capacitance as a function o f  exposure time at OCP in 10 -5 Formal H F  
for  ( a )  Al relative to AI-Si, and ( b )  A1-0.5% Cu relative to AI-2% Cu alloys. The drop in 
capacitance corresponds to repassivation o f  metastable pits. 

surface, cylindrical cell geometry,  and resulting uniform current distribution near the 
reference electrode [3]. Gradual increases in Cto, are observed prior to pitting for pure 
aluminum and AI-Si, corresponding to either film thinning or oxide hydration. The sharp 
increases in Ctot during pit initiation for the A1-2% Cu alloys is attenuated compared to AI- 
Si and A1-0.5% Cu because a positive shift in OCP from - 1.0 V to - 0 . 5  V promotes oxide 
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growth. These trends in OCP are shown in Fig. 9. One result of oxide growth is a lowering 
of Cox. Simultaneous decreases in Cox coupled with increases in a have an offsetting effect 
on Eq 6. Image analysis (IA) was used to determine c~, the cumulative area fraction of pit 
sites as a function of time. Ctot should increase linearly with ct as indicated by Eq 6 as long 
as all pits are active during the entire exposure period. IA results are shown for A1-2% Cu 
in Fig. 10. The pit densities shown were obtained after exposure at OCP for the time 
indicated. IA results are in excellent agreement with the trends in Ctot. IA indicates pit 
areas fractions of 0.02, 0.10, and 0.14 at 2, 6, and 20 h, respectively. However, after 20 h 
additional new pits are not observed. One also observes that pits cease to grow in thin 
films once penetration to the insulating substrate has occurred. Pits readily penetrate the 1- 
ixm-thin films and any larger pits apparently grow radially. Most repassivate before grow- 
ing to such sizes. This is indicated by the sharp drop in Ctot at the end of the exposure 
period (Fig. 8b). Cpit cannot be precisely determined from area fractions as attempted 
elsewhere [18] since the exact area fraction of pits that are active at any one period in time 
is not known. The literature reports that the approximate lifetimes for metastable pits is on 
the order of  5 to 10 s [21]. Hence all pits counted by image analysis at various exposure 
times cannot be assumed to be active during the entire exposure period. On the other 
hand, the 0.1 cmz test surface exposed contains as many as 106 pit sites over the entire 
exposure period. This results in a cumulative pit lifetime of 107 s over a 5 x 104 s exposure 
period. Hence it is plausible that thousands of active pits existed during the time required 
to complete the h f  EIS measurement from which the capacitance data are extracted. 
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FIG. 9--Trends in OCP for AI alloys and synthesized electrodes in dilute HF solutions. 
The vertical bars indicate the normal distribution of  the breakdown, Ena, and 
repassivation, ERp, potentials for pure Al. The average values of  EBd and ERp according to 
a normal probability distribution are indicated at 50%. 
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each exposure time. 

Investigation of Oxide Resistivity and State of Hydration 

Since pit initiation time could be determined in situ, gto t could be examined prior to 
pitting at OCP to determine whether or not the oxide becomes more electronically or 
ionically conductive by either defect formation or thinning as a precursor to pitting. Rto, 
decreases to a greater extent for AI-Si and AI-Cu alloys than pure aluminum. However,  for 
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FIG. 10--(continued) 

A1-Cu alloys a positive shift in OCP results in oxide growth. In order to separate the 
geometric effect of  increasing thickness on Rox from intrinsic changes in oxide resistivity, 
we multiply Rto,*Cto,. Such multiplication results in a time constant, %x. Tox provides an 
expression which is independent of  oxide thickness 

rox= RoxCox = e%p (8) 

where c is the dielectric constant of  the oxide, % is the permittivity of free space, and p is 
the apparent oxide resistivity. This expression requires that Rox scales linearly with oxide 
thickness and that Cox is inversely proportional to oxide thickness. This requirement is 
fairly well met for oxide thicknesses ranging from 1 to 6 nm in the present study and has 
been observed elsewhere [22,23]. p is weighted by the relative area fraction of aluminum 
matrix and O-phase sites 

o = poxO~,,J(p~,,o + Ooox) (9) 

This equation is valid only when ot -- 0 (prior to pitting), O <- 0.01, do = dox. These 
conditions are all satisfied during the first hour at OCP. Since O -< 0.01, p,i,e must be much 
less than Pox in Eq 9 in order to obtain perceptible decreases in p. We can normalize Eq 8 
with respect to the same parameter obtained just after exposure in order to monitor the 
relative changes in oxide characteristics 

(R/R, = o)(C/C, = o) = (de ,  = o) (p/p, = o) (lo) 

The normalized parameter given by Eq 10 first increases during exposure at OCP then 
sharply decreases prior to pit initiation for both AI-Si and AI-Cu alloys (Fig. 11). Slight 
increases in Ctot prior to pit initiation are now clarified (Figs. 8a,b). These increases most 
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likely correspond to oxide film hydration given by increasing the ratio (e&,=o). Two 
explanations are possible for the sharp decreases. These are: (a) formation of anodic 
defective sites in the aluminum matrix that later form pits, or (b) activation of cathodic O- 
phase sites and silicon nodules. Note that formation of pits is ruled out by SEM examina- 
tion during the time period covered by the data. 
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In-situ Studies of the Relationship Between Electrode Potential and Oxide Film Thickness 

Two methods are available for investigation trends in oxide growth with potential. One 
is to conduct EIS measurements during the positive drift in the OCP of A1-Cu alloys. The 
second is to conduct EIS measurements during potential staircase polarization. EIS results 
from the former method are shown in Fig. 12 for A1-2% Cu. Equation 10 and Ctot both 
decrease linearly with potential. Linear decreases in Cto, with increasing potential indicate 
oxide growth. Independent studies indicate growth rates of 1.3 nm/V [22,23] which trans- 
lates to about 2.5 ixF/V-cm 2 in agreement with the plot shown. At the same time the oxide 
becomes more defective as indicated by the decrease in Eq 10 with increasing potential. 
Two explanations are possible for the sharp decreases. These are: (a) formation of anodic 
defective sites in the aluminum matrix that later form pits, or (b) activation of cathodic O- 
phase sites and silicon nodules. To ascertain whether the defects that developed were 
anodic or cathodic sites, pure aluminum was anodically polarized over the same potential 
range as experienced by the alloy. Similar decreases in the resistivity were not observed, 
implying that the development of anodic sites is not the cause for the change. These 
experiments indicate that the large decrease in relative resistivity noted prior to pitting in 
Fig. 11 occur at the cathodic O-phase and silicon sites. Since the fraction of O-phase sites 
is very small, either the oxide conductivity or the charge transfer resistance of these sites 
must be significantly less than those on pure aluminum. 

Summary 

EIS methods are useful in characterizing several electrochemical parameters associated 
with the corrosion of aluminum thin films. The present paper indicates that impedance can 
be used to investigate the passivity of aluminum thin films as well as its pitting behavior. 
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FIG. 12--Normalized resisitivity-dielectric constant parameter and capacitance for  A1- 
2% Cu as a function o f  OCP in 10 -5 Formal H F  solution. The EIS data were obtained over 
the period o f  time where the OCP drifts positive. The data shown were obtained prior to 
pitting initiation. 
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In-situ information was obtained concerning the diffusion of anions and cations in the 
passive film, oxide resistance, oxide capacitance, and hence trends in oxide growth and 
hydration. In 10 -5 Formal  HF,  aluminum is passive and behaves in a similar manner to its 
behavior in dilute sodium chloride solution. An oxide diffusion coefficient of approxi- 
mately 10-17 cm2/s was estimated for anion and cation movement across the oxide film. In 
10 -3 Formal H F  solution, the native A1 oxide is replaced with a nonprotective A1F3-n H20 
salt film over a time period of minutes. The behavior of cathodic O-phase sites was also 
characterized and its oxide thickness was determined to be similar to that of pure alumi- 
num at the most dilute H F  concentration. Metastable pitting initiation and repassivation 
associated with a large population of micrometer sized pits was detected in situ at the open 
circuit potential from increases in Ctot. However,  complications may arise which place into 
question the ability to use changes in capacitance in order to quantify the exact density of  
active pit sites. The oxide time constant, % ,  was found to be an effective parameter for 
monitoring oxide hydration and development of electronic defects associated with O- 
AI2Cu precipitates. 
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Detection and Monitoring of Localized 
Corrosion by EIS 

REFERENCE: Mansfeld, F., Wang, Y., Lin, S. H., Xiao, H., and Shih, H., "Detection and 
Monitoring of Localized Corrosion by EIS," Electrochemical Impedance: Analysis and Inter- 
pretation, ASTM STP 1188 J. R. Scully, D. C. Silverman, and M. W. Kendig, Eds., Ameri- 
can Society for Testing and Materials, Philadelphia, 1993, pp. 297-312. 

ABSTRACT: Experimental evidence collected by the authors shows that the growth of pits 
on aluminum alloys and Al-based metal matrix composites can be monitored by EIS. 
Characteristic changes occur in the impedance spectra when pits have exceeded a certain 
minimum depth. The phase angle is especially sensitive to the initiation of pits. A model for 
the impedance of pitted aluminum surfaces has been developed. The procedure for fitting 
experimental EIS data to this model has been illustrated. The growth of pits and its time 
dependence can be followed based on the values of the polarization resistance R~ of a 
growing pit. Pit growth laws for A17075-T6, A17075-T73, and A16061 exposed to 0.5 N NaC1 
have been derived. Pit growth rates are inversely proportional to the exposure time. 

KEYWORDS: electrochemical impedance spectroscopy (EIS), aluminum alloys, metal ma- 
trix composites, pitting, localized corrosion 

Localized corrosion in the form of pitting is one of the most common forms of failure of 
Al-based materials when exposed to corrosive media containing halides. Often the pitting 
potential Eplt is used to estimate the susceptibility of a given material to pitting in a certain 
environment or to compare the relative resistance of different materials to pitting. This 
approach is also used to evaluate the effects of surface modification procedures on the 
resistance to pitting. For aluminum alloys, the use of pitting potentials is unsatisfactory for 
the characterization of the susceptibility to pitting. In aerated solutions containing halides 
the corrosion potential Eco~r and the pitting potential Epi t of most aluminum alloys are 
identical and these materials will pit. However, the total extent of pitting is much higher 
for Cu-bearing materials such as A12024, which has a more noble pitting potential, than for 
alloys such as A1 6061 or A17075, which have a more negative pitting potential. Therefore, 
the argument that an observed ennoblement of the pitting potential reflects an improve- 
ment in the resistance to pitting as the result of surface modification has to be taken with 
caution. It also has to be considered that once a modified surface layer has been pene- 
trated by pitting, pit growth rates could be the same as for the untreated material. The 
approach taken by Boehni and Hunkeler [I], who have developed a technique for the 
measurement of pit growth rates, seems therefore to be more promising. Based on the 
results obtained with this technique, Boehni and Hunkeler were able to determine growth 
laws for pits in aluminum alloys, which allows one to make extrapolations to longer 
exposure times. A limitation of this technique is the requirement to polarize the specimen 

1Corrosion and Environmental Effects Laboratory, Department of Materials Science and Engineer- 
ing, University of Southern California, Los Angeles, CA 90089-0241. 
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to E -> Epi t in order to produce active pits. More recently, the authors of this paper have 
observed that characteristic changes occur in the impedance spectra of aluminum alloys 
and Al-based metal matrix composites (MMC) when pitting occurred during exposure at 
the corrosion potential Ecor~ to 0.5 N NaC1 (open to air) [2-11]. A model has been 
developed that describes the observed impedance behavior [2-11]. Based on this model 
and certain assumptions, it has been possible to estimate pit growth rates at Ecorr using 
electrochemical impedance spectroscopy (EIS) [5,11]. A summary of typical results ob- 
tained for different materials and a description of the pitting model and methods for the 
analysis of impedance data will be given in the following. 

Experimental Approach and Results 

EIS data have been obtained for aluminum alloys and for Al-based metal matrix com- 
posites (MMC) in the as-received condition or after surface modification by a chemical 
process or by a combination of a chemical process with an electrochemical process. The 
test specimens were immersed in 0.5 N NaC1 (open to air) and EIS data were collected as a 
function of exposure time. The impedance data were analyzed with the software package 
PITFIT which was developed by the authors [11,12]. An estimate of pit growth rates based 
on the polarization resistance g~ of the pit was made and the time dependence of pit 
growth rates was determined. 

Materials and Surface Modification Procedures 

In earlier tests [2-10] surface modification was carried out for A1 6061-T6, A1 7075-T6, 
and AI 7075-T73 and the MMCs AI/SiC and A1/graphite by immersion in 1000 ppm CeC13 
and other rare earth metal chlorides for 7 days. More recently, surface modification of the 
aluminum alloys 6061-T6, A1 7075-T6, and A1 7075-T73 has been carried out by immersion 
in 10 mM Ce(NO3)3 for 2 h at 100~ followed by immersion in 5 mM CeC13 for 2 h at 100~ 
and polarization in 0.1 M Na2MoO4 at + 500 mV versus SCE for 2 h [13-15]. Exceptional 
corrosion resistance was obtained for A1 6061 with this treatment which will be referred to 
as the Ce-Mo process. Localized corrosion was not observed visually or by changes in the 
impedance spectra during exposure to 0.5 N NaC1 for 60 days [13-15]. 

Corrosion Tests 

The resistance of as-received and modified surfaces to localized corrosion was deter- 
mined by recording of EIS data as a function of exposure time. As will be discussed, 
characteristic changes of the impedance spectra are observed when pitting or crevice 
corrosion are initiated. Analysis of the impedance spectra for such cases allows determina- 
tion of the polarization resistance Rpit of the pit. An estimate of pit growth rates can be 
made based on the experimental values of Rpi~. This approach allows determination of the 
pit growth kinetics for aluminum alloys and Al-based MMCs. 

After each test the specimens were observed under an optical microscope. Some speci- 
mens were also examined in the scanning electron microscope (SEM) in order to deter- 
mine pit morphology. The chemistry of the pit environment or the passive surface, or 
both, were determined by EDAX and Auger electron spectroscopy [10,14,15]. 
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FIG. 1--Bode-plots for untreated (Curves I and 2) and CeCls-treated (Curves 3 and 4) 
Al 7075-7"6 during immersion in 0.5 N NaC1; immersion times: 2 h for Curves 1 and 3; 4 
days for Curve 2; and 23 days for Curve 4. 

EIS Data 

EIS data were obtained at/~corr a s  a function of exposure time to 0.5 N NaCI. Figure 1 
shows experimental data for AI 7075-T6 in the as-received condition and after passivation 
by immersion in 1000 ppm CeCI3 for 7 days. For the as-received surface, characteristic 
changes of the impedance spectra were observed in a very short time, while for the 
modified surfaces the spectra did not change significantly over a much longer time period. 
In the first case, a pronounced decrease of the impedance occurred in the capacitive region 
of the spectra (Fig. 1) at about the time when pitting was first observed visually. In 
addition, the frequency dependence of the impedance at the lowest frequencies changed to 
that typical for a transmission line impedance. Sometimes erratic behavior of the imped- 
ance data was observed at the lowest frequencies as shown in Curve 1 of Fig. 1, where the 
phase angle changed sign at about 50 mHz. This problem, which occurred only during the 
first day of exposure, is probably due to a drift of Ecorr and polarization of the electrode 
during the impedance measurement. Such data were eliminated before the analysis of the 
impedance data with PITFIT. 

Figure 2 shows EIS data for AI 6061-T6 in the as-received condition (Fig. 2a) and after 
polishing (Fig. 2b). For both cases, the large increase of the capacitance with exposure 
time, which was determined for as-received A1 7075-T6 (Fig. 1), was not observed; 
however, the transmission line impedance at the lowest frequencies, which is characteris- 
tic of the pitting process, could be clearly recognized after 1 or 2 days of exposure. For 
both specimens, only a few small pits were observed after 15 days. 

Figure 3 shows EIS data for AI 6061-T6 after exposure to 0.5 N NaCI for 30 days. Curve 
1 is for the as-received surface, while Curve 2 is for the surface that had been treated in the 
Ce-Mo process. The spectrum for the as-received surface is typical for localized corrosion, 
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FIG. 2--Bode-plots as a function of immersion time in 0.5 N NaCl for A16061-T6 in the 
(a) as-received and (b) polished conditions. 

while Curve 2 is typical for a passive surface for which the polarization resistance Rp 
exceeds 107 ~).-cm 2. 

The Pitting Model 

The impedance data obtained for untreated specimens during exposure to NaCI for short 
time periods and for passivated specimens after longer time periods can be described by 
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FIG. 3--Bode-plots for AI 6061-T6 after exposure to 0.5 N NaCl for 30 days; Curve 1: 
as-received; Curve 2: treated in the Ce-Mo process. 

the pitting model shown in Figure 4 [2-11]. This model and the software PITFIT for the 
analysis of impedance spectra which agree with the pitting model in Fig. 4 have been 
discussed elsewhere in detail [11,12]. In Fig. 4, Rp and C~ are the polarization resistance 
and the capacitance of the passive surface, respectively, while Rpi t and Cpit are the 
corresponding parameters for the processes occurring in the growing pit. The frequency 
dependence of the impedance in the low-frequency range is described by the term W = 
K(jco)"/F, where K and n are experimental parameters and F is the fraction of the surface 

R s  

Rp/I1-FI 
q I ' '  1 

CpIII[-FI I I 
F~pit 

i 1 

Rpit W 
F 

O~ < F ~< 1, W=(K/F)(J~) n 
FIG. 4--Model for the impedance of the pitting process for AI-based materials. 
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area on which pitting occurs (0 --- F -< 1). R, is the solution resistance between the tip of 
the Luggin capillary and the surface of  the test electrode. 

Theoretical spectra for F = 0 and F = 0.005 are shown in Fig. 5 for parameters that 
have been found representative of the pitting process in recent studies of aluminum alloys 
exposed to NaCI [2-11]. Spectra such as those shown in Fig. 5, Curve 1 have been 
observed for aluminum alloys exposed to NaCI before pits were initiated. Spectra such as 
those shown in Curve 2 have been obtained for A1 6061 containing an artificial pit [3]. The 
decrease of the impedance in the capacitive region, the change of the frequency depen- 
dence at very low frequencies, and the occurrence of a second maximum of the phase 
angle at these frequencies are characteristic for the pitting process for aluminum alloys. 

Figure 6 shows a comparison of experimental data (Curve 1) and data obtained by a fit 
(Curve 2) to the model in Fig. 4 for A1 6061 after exposure to 0.5 N NaC1 for 24 h. The 
quality of the fit can be considered to be very good, taking into account the complexity of 
the impedance spectra. 

Analysis o f  EIS Data 

Analysis of experimental EIS data with PITFIT results in the fit parameters Rs, Rp/(1 - 
F), C, = Cp (1 - F) + FCpit, RpiJF, K/F, and n. Since F is usually very small, Rp/(1 - F) 
= R, and C, = Cp + FCpi t. Figure 7 shows the time dependence of C, for A1 7075-T6 in the 
as-received condition and after passivation, while Fig. 8 gives similar data for AI 6061. A 
very large increase of C, is observed for the as-received AI 7075-T6 in the first two days of 
exposure, while for the passivated specimen C, remained constant (C, = C,, F = 0) until 
pits were initiated after about 21 days resulting in an increase of C, -- Cp + FCpit (Fig. 7). 
For the polished A1 6061, the increase of C, with time was very small and for the as- 
received AI 6061 C, increased significantly only in the first seven days of exposure (Fig. 8). 
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FIG. 7--Time dependence o f  Ct for  Al  7075-T6 (as-received versus CeCl3 treatment) 
during exposure to 0.5 N NaCl. 
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FIG. 8--Time dependence o f  Ct for Al 6061-T6 (as-received versus polished) during 
exposure to 0.5 N NaCl. 

Figures 9 and 10 show the time dependence of the fit parameters Rpit/f and K/F for A1 
7075-T6 (Fig. 9) and AI 6061-T6 (Fig. 10). For A1 7076-T6, Rpit/F remained almost constant 
and only decreased at the last measurement after 37 days. K/F decreased continuously 
during the same time (Fig. 9). For the as-received A1 6061-T6, Rp~,/F increased slightly with 
time and K/F went through a minimum at about 7 days (Fig. I0). For the polished 
specimen, Rpi,/F and K/F increase slightly with time (Fig. 10). For the as-received as well 
as for the polished surface, n had values of about - 0 . 8  (Fig. 11). 

Further data analysis and calculation of the specific impedance parameters R~ and R~ 
(in l~-cm 2) and C~ and C~ (in p.F/cm 2) is only possible if the value of F and the pitted area 
are known as a function of exposure time. 
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FIG. 9--Time dependence Of Rpit/F and K/F for AI 7075-T6 during exposure to 0.5 N 
NaCl. 
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FIG. lO--Time dependence o f  Rpit/F and K/F for Al 6061-T6 (as-received versus pol- 
ished) during exposure to 0.5 N NaCl. 
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FIG. l 1--Time dependence o f  n for  Al 6061-T6 (as-received versus polished) during 
exposure to 0.5 N NaCI. 

Determination o f  Pit Growth Rates 

In order to obtain further information concerning pit growth kinetics from the experi- 
mental values of Rpit/F, the value of F was determined visually at the end of the test by 
microscopic observation. In addition, the value of FCpit at the end of the test was deter- 
mined from the 6", data in Figs. 7 and 8 as FCpit = C, - Cp assuming that Cp, which did not 
change with time before pits initiated (Fig. 7), remained constant during the entire test. 
Based on a constant value of C~ (in ixF/cm 2) it is then possible to calculate F as a function 
of time. For  AI 7075-T6 C~ was 133 p~F/cm 2, for the as-received AI 6061 C ~  w a s  5 0 0  IJ~F[ 

cm 2 and for the polished A16061 a value of 27.4 ixF/cm z was used. C~p was 25.5 ~F/cm z for 
the polished specimen and 8.5 ~F/cm z for the as-received specimen. The latter value has 
been determined for Al-based materials in many other experiments conducted by the 
authors. R ~  (in l)-cm 2) was calculated by multiplying the fit parameter Rp~tlF with 2FA, 
which is the area of a hemispherical pit in a surface with a total area A. This procedure also 
allows the determination of the transmission line parameter  K ~ and its time dependence. 
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FIG. 12--Time dependence o f  R~ and K ~ R~ and F and n, for  Al 7075-T6 (CeCl3 
treatment). 

Figure 12 shows the time dependence of R~ and K ~ (Fig. 12a), R~ (Fig. 12b) and n and 
F (Fig. 12c) for the CeC13-treated AI 7075-T6. R~ increased continuously with exposure 
time (Fig. 12a) indicating qualitatively a decrease of pit growth rates with time as the area 
fraction F at which pits grow increased to a final value of about 0.04 (Fig. 12c). R~ showed 
a slight decrease with time indicating an increase of the corrosion rate of the passive 
surface with time (Fig. 12b). An earlier analysis [5,10,I1] had indicated a sharp rise of R~ 
at the time when pits were first detected. However, when the same data were re-analyzed 
with the final version of PITFIT, the data shown in Fig. 12b were obtained. The transmis- 
sion line parameter K ~ (units of f~-cm2(rad/s) -") also increased with time (Fig. 12a). 
Previously [5], the time dependence of  K had been reported without normalization to the 
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FIG. 14--Time dependence o f  R~ and R~ for  A16061-T6 (as-received versus polished) 
during exposure to 0.5 N NaCl. 

area of  the growing pit (units of  f~(rad/s)-") which produced different numerical values and 
a different time dependence of K. 

The fit parameters for AI 6061 are shown in Figs. 13 and 14. F increased to a final value 
of about 0.02 after 11 days for the polished specimen, but remained at a much lower value 
for the as-received specimen (Fig. 13). K ~ showed a steady increase for both types of 
surface (Fig. 13). R~ and R~ also increased continuously with exposure time (Fig. 14). 

The time dependence of  R~ for CeCl3-treated AI 7075-T6 is shown again in Fig. 15 as a 
plot of log (1/R~ versus log (t - to), where to is the time at which pit growth was first 
detected with EIS. Since l/R~ is proportional to the pit growth rate, the plot in Fig. 15 
represents the time dependence of pit growth rate. By curve fitting, the following relation- 
ship was obtained 

o log(1 /R pit) = a + b log t = - 3.00 - 0.99 log(t - to) (1) 

with to = 21d. 
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FIG. 15--Plot of  log (llR~ versus log (t - to)for Al 7075-T6 passivated by immersion 
in CeCl3. 
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For  A1 6061-T6, the following time laws were established (Fig. 16) 
as-received A1 6061: 

log(1/R~ = - 1.77 - 1.34 log t (2) 

polished A1 6061: 

log(1/R~ = - 2.36 - 1.12 log t (3) 

Since for A1 6061 pits initiated and grew in the first day of exposure,  to was close to zero. 
For  AI 7075 the following results were obtained (Fig. 17a-c)  using the analysis proce- 

dure previously discussed.  
polished A1 7075-T6: 

with C ~  = 516 I~F/cm 2. 
as-received AI 7075-T73: 

o log(1/R pi,) = - 1.50 - 1.35 log t (4) 

with C ~  = 1200 ixF/cm 2. 
deoxidized A1 7075-T73: 

log(1/g~ = - 1.93 - 1.07 log t (5) 

log(l/g~ = - 1.84 - 1.11 log t 

with C ~  = 769 la,F/cm 2. 

(6) 

Minimum Pit Size that can be Detected by EIS 

In evaluat ions of  variat ions of the procedure followed in the Ce-Mo process it was noted 
occasionally by visual and microscopic observat ion that a few small pits developed with- 
out  the occurrence of the characteristic changes in the impedance spectra. In order to 
determine the min imum pit size that can be detected by EIS,  a theoretical calculation was 
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carried out in which the elements in the EC of Fig. 4 were calculated as a function of pit 
size. It was assumed that one hemispherical pit with a radius r was growing on a passive 
surface. Figure 18 shows theoretical impedance spectra as a function of r between 0 and 
0.05 cm which corresponds to values o f f  between 0 and 0.016 for A = 1 cm 2. The spectra 
in Fig. 18 are similar to those for A1 6061 in Fig. 2. The characteristic changes of the 
spectra from those for a passive surface (F = 0) to those for a passive surface containing a 
growing pit occur for a pit radius larger than about 0.015 cm (F = 0.0015). For  a pit radius 
of 0.05 cm (F  = 0.016) a significant increase of C, and a minimum of the phase angle at 
about 0.2 Hz can be seen in Fig. 18. 

Discussion 

The results obtained for aluminum alloys such as AI 6061, A1 7075, and A1 2024 and for 
A1 MMCs such as AI/SiC and Al/graphite have demonstrated that localized corrosion can 
be detected by characteristic changes of the impedance spectra. A model for the imped- 
ance has been presented that describes the events occurring on a surface that contains 
active and passive areas. An increase of the experimental value of the capacitance C, is 
observed which is due to the contribution from the pit capacitance Cp~t. At low frequen- 
cies, a transmission line impedance is observed which is considered to be due to the 
interaction between the active and passive areas of the surface. The phase angle is a very 
sensitive indicator for the initiation of localized corrosion once a minimum pit depth has 
been exceeded.  Simulations have shown that the minimum pit radius which can be de- 
tected by EIS is about 0.15 mm for one hemispherical pit growing in a surface of 1 cm ~. 
The pronounced changes of  the phase angle that result in a minimum of the phase angle 
which moves to higher frequencies with increasing pit depth make it relatively easy to 
detect  the presence of  active pits. Attempts have been made to estimate pit growth rates 
and their dependence on exposure time from plots of  R ~ v e r s u s  time. Relationships in the 
form 
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1/n~ = a( t  - to) b (7) 

which are similar to those of Hunkeler and Boehni [1] for pits growth rates as a function of 
exposure time have been determined. These authors calculated an experimental value of b 
= - 0 . 5  which was used as support for a mechanism of ohmic resistance controlled pit 
growth [1,16,17].  The value of b was found to depend on experimental parameters such as 
the applied potential E > Epit, temperature and solution composition, while a was a 
system-independent parameter [1 7]. 

In the present investigation, Eqs 1 through 6 were determined at Eco,. For untreated A1 
6061-T6 the experimental values of b ranged from -1 .12  for the polished specimen to 
-1 .34  for the as-received specimen. For AI 7075-T6, which had been passivated by 
immersion in 1000 ppm CeC13 for 7 days, b was found to be -0 .99 ,  while for polished 
(untreated) A1 7075-T6, b was - 1.35. For AI 7075-T73, b was - 1.07 for the as-received 
(degreased) specimen and - 1.11 for the deoxidized specimen. Since for all cases b is close 
to - 1, it can be assumed that the pit law follows the general equation 

dr /d t  = a~ (t - to) -~ (8) 

which suggests that the radius r of the pits increases logarithmically 

r = c log(t - to) (9) 

The parameter a~ can be defined as the pit growth rate for t - to = 1 day. 
Table 1 presents a summary of the parameters a and b in the pit growth law (Eq 1) and 

the values of R~ l which is a characteristic parameter for the metal/electrolyte system 
and represents the specific pit polarization resistance for t - to = 1 d. The values of C~ 
are also listed in Table 1. It is characteristic for C~ that its values are much larger than 
C~ for the passive surface. Based on the R~ 1 values in Table 1, it can be concluded 
that pits grew at about the same rate for as-received AI 6061, polished AI 7075-T6, as- 
received AI 7075-T73, and deoxidized A1 7075-T73. Pit growth rates were the lowest for 
passivated AI 7075-T6 and had intermediate values for polished AI 6061. 

Further investigations of the pit growth process under the experimental conditions 
employed in this study, which is different from all previously reported investigations of 
localized corrosion, are necessary for a quantitative interpretation of the experimental 
results. A more detailed evaluation of the assumptions made in the present analysis such 
as growth of one hemispherical pit is necessary. The assumption that the time dependence 
of F can be calculated as previously explained has been confirmed in a recent experiment 
with passivated (Ce-Mo process) A1 6013-T6, in which F was determined after each 
impedance measurement by microscopic observation of the entire exposed surface. Very 

TABLE 1 - - S u m m a r y  o f  pit  growth parameters  (Eq 1). 

Alloys a R~ = I(K lLcm 2) b C~ 2) 

A1 7075-T6 (CeC13) -3.00 1000 -0.99 133 
As-received AI 6061-T6 - 1.77 59 - 1.34 500 
Polished AI 6061-T6 - 2.36 229 - 1.12 27 
Polished AI 7075-T6 - 1.50 32 - 1.35 516 
As-received AI 7075-T73 - 1.93 85 - 1.07 1200 
Deoxidized AI 7075-T73 - 1.84 69 - 1.11 769 
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good agreement between the F values determined by this method and those calculated for 
EIS data has been observed [18]. It could be argued that F determined at the end of the 
experiment may not accurately represent the area fraction of pits that are active at this 
time. This question is more difficult to answer. By assuming that all pits are active, the 
corroding area may be overest imated and pit growth rates may be underestimated. 

Despite some uncertainties in the quantitative determination of pit growth rates, the 
authors are convinced that EIS is a very powerful tool for detection and monitoring of 
localized corrosion of aluminum alloys and Al-based materials. It needs to be pointed out 
here that based on the authors '  experience EIS can also be used to detect and monitor 
localized corrosion of  other materials such as stainless steels [19] and magnesium [10,20]. 
However,  the changes of  the impedance spectra in the presence of pits are different for 
these materials [18,20] from those described here for Al-based materials and quantified in 
the model shown in Fig. 4. 
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ABSTRACT: Industrial and military specifications often require the use of a 300+ h salt 
spray exposure method to test anodized aluminum coupons and evaluate the quality of 
anodizing processes. In addition to the salt spray (fog) exposure test being time consuming, 
its results are highly interpretive and therefore relatively imprecise. The long duration of the 
test itself makes it a poor tool for monitoring daily plant operation of anodizing baths. An 
electrochemical procedure has recently been developed to evaluate the quality of anodized 
aluminum coupons. This procedure is based on the electrochemical activation of the material 
under test followed by corrosion resistance measurements with either potentiodynamic 
polarization or electrochemical impedance spectroscopy (EIS) in a cell designed to accept 
coupons prepared for salt spray testing. Results obtained formed the statistical basis to 
establish accelerated electrochemical tests as a routine plant monitoring of aluminum an- 
odizing. 

KEYWORDS: potentiodynamic, electrochemical impedance spectroscopy (EIS), anodized 
aluminum, salt spray test 

The quality control of aluminum anodizing presents a difficult analytical problem. The 
use of conventional coating thickness measurements is not satisfactory since the anodizing 
agents will have dissolved some of the substrate material as the oxide layer was formed. 
Techniques that determine the coating weight per unit area could be useful to evaluate the 
extent of anodized film coverage, but these techniques are not sensitive to flaws such as 
porosity or the presence of contaminants in the coating. Such factors can strongly influ- 
ence the corrosion protection afforded by the anodized layer. 

Specifications such as the Military Specification on Anodic Coatings for Aluminum and 
Aluminum Alloys (MIL-A-8625 [1]) require the use of ASTM B117, Test Method of Salt 
Spray (Fog) Testing, which entails a salt spray (fog) exposure of 336 h. In addition to this 
procedure being rather time consuming, the results are highly interpretive, and therefore 
relatively imprecise. 

ASTM Method for Measurement of Impedance of Anodic Coatings on Aluminum, 
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Engineering, Royal Military College, Kingston, Ontario, Canada K7K 5L0. 

2Chief, Chemical Technology and Purchasing Liaison, Pratt and Whitney Canada Inc., Longueuil, 
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(B457) describes a procedure to determine the impedance at 1000 Hz as a measure of the 
quality of sealing anodized aluminum. While this method is applicable to the rapid, 
nondestructive testing of anodic coatings, its results were never related to the actual 
corrosion resistance provided by these coatings. 

Because of the problems with the above techniques, an alternative test was still needed 
to rapidly and accurately evaluate the corrosion protection qualities of various anodized 
films. Since corrosion resistance was the key evaluation parameter, it was decided to 
consider electrochemical corrosion measurement techniques as the basis for the develop- 
ment of an accelerated test. 

Potentiodynamic Polarization Technique 

The technique adopted at Pratt & Whitney Canada [2] for daily monitoring aluminum 
anodizing is one of the most used techniques for studying corrosion [3]. Potentiodynamic 
polarization techniques have been used for both theoretical studies and practical predic- 
tions of corrosion behavior. A standard methodology for applying the technique is avail- 
able in ASTM Standard Reference Test Method for Making Potentiostatic and 
Potentiodynamic Anodic Polarization Measurements (G 5 87). Typically the potential 
would be scanned linearly around Eco~r as a function of time and the current monitored as 
the potential changes. When the potential is plotted as a function of the log of the current, 
portions of both the anodic and cathodic regions may be linear and follow a Tafel 
behavior. In such cases it is possible to extrapolate these linear regions to where they 
should intersect, at the corrosion potential (Eco~r), and obtain a value for the corrosion 
current (i~o~r). 

Several examples of computer programs have been described in the literature [4-6] 
where the application of statistics permit an automatic analysis of experimental data to 
obtain Tafel constants and calculate ico, according to the Tafel extrapolation technique for 
measurement of corrosion kinetic parameters introduced by Stern [7] and Stern and Geary 
[8]. Commercial corrosion testing software is also available [9] if not built into the instru- 
mentation itself. 

Electrochemical Impedance Spectroscopy (EIS) 

EIS has been successfully applied to the study of corrosion systems for over 20 years 
[10]. Since Epelboin and coworkers published their early work on the system iron-H2SO4- 
propargylic acid [1l], impedance techniques have found increasing applications in corro- 
sion research because of the possibility of obtaining information on the chemical mecha- 
nisms involved. An important advantage of EIS over other laboratory techniques is the 
possibility of using very small amplitude signals without disturbing the properties being 
measured. 

While the calculation of polarization resistance from EIS spectra is relatively straight- 
forward for many applications, difficulties in data interpretation are still an important 
obstacle to making practical and friendly routine use of the testing technique [12]. In order 
to overcome some of these difficulties, a method was developed that consisted of geomet- 
rically finding the center of an arc formed by three successive data points on a complex 
impedance diagram [13]. The analysis of EIS measurements was further simplified by 
systematically permuting the data points involved in the projection of centers [14]. Such a 
methodology, which is valid for any frequency domain where the system is dominated by a 
single time constant (RC), made it possible to automatically estimate, with a calculated 
degree of confidence, the main impedance parameters used for corrosion monitoring. 
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Experimental 

The Potentiodynamic Technique 

The electrochemical instrumentation consisted of an EG&G Princeton Applied Re- 
search Model 350-1 Corrosion Measurement System. This system was used to automate 
the acquisition of Tafel plots,  identify linear trends in the plots, and calculate the corrosion 
rate estimates. 

The electrochemical cell used in these studies was designed to accommodate directly 
standard AMS 4037 test coupons used in salt spray testing. This cell consisted of a hollow 
plastic cylinder with a 5-cm outside diameter (Fig. 1). The cell was assembled with the test 
coupon inserted between the hollow cylinder and the solid base. A rubber O-ring was used 
along with a clamp to create a water-tight seal. In this way, the test coupon surface 
actually served as the bottom of the cell. To facilitate electrical contact, one corner of the 
anodized panel was ground to expose bare metal. 

The test cell could accommodate a noble metal counter electrode, a reference electrode 
(SCE), and an air purge which also served as an agitation device. A solution volume of 200 
mL was used with a moderate air-stirring rate. This volume of solution was found to be 
sufficient to negate the effects of metal dissolution that occurred during the course of a 
typical test. The test solution itself consisted of a buffer made by dissolving 0.2 g of boric 
acid and 16.0 g of sodium chloride in 1 L of 1.0 N sodium hydroxide solution, and adjusting 
the resulting solution to pH 10.5. Such a pH control was found to be an important element 
of the testing procedure and greatly improved the reproducibility of the results. The cell 
was refilled with fresh solution between each test. 

Prior to testing, each specimen panel was solvent degreased, rinsed with deionized 
water, and activated at a potential of + 600 mV versus SCE for 5 min. Following this 
preconditioning potential,  the open circuit potential was monitored and the scan was 

FIG. 1--Schematic representation of the electrochemical cell; (a) Luggin for reference 
electrode (SCE), (b) counterelectrode, (c) air purge and (d) panel under test. 
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initiated once the system had equilibrated (as evidenced by stable open circuit potential). 
This generally required between 20 s and 5 min. 

The instrumentation automatically recorded Eco~r and executed the applied potential 
scan from Eco~r - 4 0 0  mV to E~o, +400 mV. A scan rate of 0.5 mV/s was used, which 
resulted in a scan time of 27 min. 

The EIS Technique 

The EIS measurements were carried out with a commercial Frequency Response Ana- 
lyzer (FRA) system (Solartron model 1255) controlled by a Hewlett  Packard model HP86 
microcomputer.  The probing ac current was kept at a value that would not cause more 
than 10 mV difference (peak to peak) across the cell. At least five consecutive measure- 
ments were made at each frequency to ensure that the system investigated had stabilized. 

The cell designed originally for the potentiodynamic studies was modified for the E1S 
measurements.  The main difference was that the cell was operated horizontally in a two- 
electrode configuration with two half panels, parallel to each other, serving as both 
working and counterelectrode. 

Two types of EIS measurement were made during this project. A first series was made 
in a fashion described in the literature [15] by recording, at a few hour intervals and for a 
period of over 300 h, the EIS measurements without any initial activation of the panels. 
The second series of  experiments was carried out on panels immediately after their activa- 
tion at + 600 mV versus SCE for a few minutes. 

The impedance data analysis technique presented earlier was used to calculate 1/R 
values for each impedance plot gathered. These values were then converted into corrosion 
rates by multiplying them (Eq 1) with a proportionality constant B [16] typical for alumi- 
num exposed to a saline environment. 

ioo~r = B/R (1) 

where 

ir is the corrosion current (~A/cmZ), 
B is a proportionali ty constant for aluminum in chlorides (24 mV [16]), and 
R is the resistance calculated from EIS low-frequency measurements (kl) �9 cm2). 

Results 

Potentiodynamic Versus Salt Spray Testing 

Figures 2 and 3 illustrate some typical instrument outputs obtained with two analyzed 
specimens. Figure 2 shows a Tafel plot measured on a specimen with a relatively good 
coating while Fig. 3 shows one obtained for a specimen with a poor anodic coating. 

Faraday ' s  law (Eq 2) was used to convert the corrosion current estimated from such 
plots into penetration corrosion rates. 

Corrosion rate = 3.3 • ico~ • E W  (2) 
d 
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FIG.  2 - - A  typical potentiodynamic scan made with an anodized and sealed aluminum 
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FIG.  3 - - A  typical potentiodynamic scan made with an anodized but not  sealed alumi- 

num panel (poor coating). 
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where 

Corrosion rate is in I~m/y, 
ico= in i~A/cm 2, 
E W  is the equivalent weight of the element being oxidized (g/equiv.), and 

d is the density of the element being oxidized (g/cm3). 

Table 1 contains some corrosion rates that were determined using the potentiodynamic 
technique for specimens that were anodized by a number of different procedures. A wide 
range of corrosion rates was observed. The worst case was obviously for bare aluminum 
coupons while lower corrosion rates were observed for specimens anodized but not 
sealed. The lowest corrosion rate was found for coupons anodized and sealed in freshly 
deionized water at pH 5.5. 

Four years of tests with panels processed under different conditions helped to establish 
the following correlation between results obtained with the potentiodynamic technique, 
conventional salt spray testing, and process control parameters [2]: 

�9 Coupons with measured corrosion rates lower than 2.5 i~m/y will not fail salt spray 
testing. 

�9 If the corrosion rates fall between 2.5 and 15 I~m/y, a warning is raised that the 
anodizing process is deteriorating and corrective measures are taken. Panels pro- 
cessed in such conditions would pass the salt spray test 90% of the time. 

�9 When the corrosion rates exceed 15 Ixm/y, immediate corrective action is required 
and parts are reprocessed if corrosion rates exceed 25 txm/y. Between 15 and 25 
ixm/y, a judgment call is made depending on the applications. 

�9 The seal time was optimized. For freshly deionized water an optimum seal time 
would be 8 min while it could be up to 15 min for a one-month-old seal solution. 

�9 The seal solution temperature was also optimized. Modifications to previous specifi- 
cations were made when it was discovered that cooler seal solutions produced 
coupons with higher corrosion rates. The minimum seal solution temperature was 
raised to 90~ (95 __+ 5~ in present specifications). 

Additionally, a statistical analysis was performed on 149 pairs of results obtained with 
potentiodynamic and salt spray testing. Figure 4 illustrates the plot of time-to-failure (salt 
spray testing) against logarithm of corrosion rate (potentiodynamic) obtained with these 
results. While it is difficult to establish a direct correlation between these two variables by 

TABLE 1--Comparison of anodizing (chromic acid) operating conditions with 
corrosion rates obtained with the potentiodynamic technique. 

Anodizing Conditions Corrosion Rate, ~tm/y 

Bare Aluminum 
Anodized + no sealant 
Anodized + sealed in tap water* (pH = 3) 
Anodized + sealed in tap water (pH = 4) 
Anodized + sealed in tap water (pH --- 4.5) 
Anodized + sealed in tap water (pH = 7.0) 
Anodized + sealed in tap water (pH = 7.5) 
Anodized + sealed in deionized water (pH = 5.5) 

1200 
130 
110 
50 
0.8 
5.0 
8.9 
0.025 

*All sealing solutions were maintained at 91~ 
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FIG. 4--Time-to-failure (salt spray) plotted against log [corrosion rate] (potentio- 

dynamic) for tests made on 149 pairs of aluminum panels. 

examining Fig. 4, a more detailed analysis of the results obtained with the po- 
tentiodynamic method [17] has revealed that two modes were governing the degradation 
processes measured by potentiodynamic polarization (Fig. 5). By regrouping the pairs of 
salt spray versus potentiodynamic results into a low corrosion mode (Fig. 6) and a high 
corrosion mode (Fig. 7) it became possible to establish a statistically valid correlation 
between the two methods for panels the most susceptible to degrade by corrosion (high 
corrosion mode (Fig. 8)). 

Frequency distribution 

1 6  " 

1 2  . . . . . . . . . . . . .  , . . . . . . . . .  i . . . . . . . . . . . . .  i . . . . . . . . . . . . . . . .  
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FIG. 5--Frequency distribution of the potentiodynamic results (Fig. 4) fitted by two 

normal distribution models at low and high corrosion rates. 
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FIG. 6--Linear regression of  time-to-failure (salt spray) and log(corrosion rate) (po- 
tentiodynamic) of low corrosion rate results of  Fig. 4 with parallel lines indicating 95% 
(---) and 90 (...) % confidence levels. 

A linear regression of the high corrosion rate data obtained with the two techniques 
showed that the time to failure data decline proportionally with corrosion rates (po- 
tentiodynamic technique) according to Eq 3. The correlation coefficient between data 
obtained with salt spray and potentiodynamic testing was calculated to be 71%. 

Time-to-failure [h] = 2850 - 1470 • log(corrosion rate [l~m/y]) ( 3 )  

Time to failure [h] 
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FIG. 7--Linear regression of  time-to-failure (salt spray) and log(corrosion rate) (po- 

tentiodynamic) of  high corrosion rate results of  Fig. 4 with parallel lines indicating 95% 
(---) and 90 (...) confidence levels. 
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FIG. 8--Typical EIS results obtained with an anodized and sealed (tap water, pH 4.5) 
panel during the first day of  test in the electrochemical cell: (a) Nyquist plot and projected 
centers obtained with the permutation analysis technique [13, 14], (b) Bode representation 
of the same results. 
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EIS 

Previous studies [15,18-21] have demonstrated that the high-frequency part of EIS 
spectra can be used to monitor changes in the sealing process of anodized aluminum 
production. However, some of these studies [15,21] have indicated that the corrosion 
behavior of anodized panels itself cannot be predicted from the high-frequency data. While 
large differences in the high-frequency portion of EIS spectra can indicate differences in 
sealing mechanisms, they do not necessarily correlate to differences in the long-term 
corrosion behavior of anodized aluminum. The experimental data presented in the litera- 
ture show that the corrosion resistance can best be determined from the low-frequency 
impedance data. The EIS data presented in [15], for example, would indicate that the 
corrosion behavior of corrosion-resistant anodized aluminum alloys is revealed by follow- 
ing changes observed in the low-frequency portions (<1 Hz) of EIS spectra gathered as a 
function of exposure time. Based on these studies, a damage function had been established 
to describe the corrosion resistance from the impedance measured at 0.1 Hz and an 
exposure time of 7 days. 

In the present project, a first series of panels with known anodizing histories and 
corrosion rates measured by the potentiodynamic method was continuously monitored 
with EIS during at least 10 days of exposure in the sodium chloride buffered solution. 
Typical EIS results obtained with sealed anodized panels are presented in Fig. 8 (Day 1) 
and Fig. 9 (Day 6). 

Figures 10 and 11 represent the results of analyzed EIS measurements for two 12-day 
experiments made with an anodized but not sealed panel (Fig. 10) and an anodized and 
sealed panel (Fig. 11). While the results obtained during the first four days of these tests 
are comparable, the degradation of the corrosion resistance of the panel that was not 
sealed became quite visible after this initial period when the corrosion rate reached values 
50 times higher over the following eight days. The depression angles calculated from the 
EIS measurements made during these experiments seemed to increase regularly with 
exposure time. 

In a second series of experiments, the EIS measurements were made immediately after 
the panels had been activated at + 600 mV (versus SCE) for a few minutes. The analyzed 
results are presented in Fig. 12. One can see that the activation step now permits differen- 
tiation between panels that had been processed differently. 

An indication that the degradation mechanisms differed between the two techniques is 
presented in Fig. 13. The panels tested with the potentiodynamic technique and measuring 
a high corrosion rate would typically present a pattern of leached patches after the test 
(Fig. 13a) while the same panels tested with EIS would become increasingly pitted after a 
few days of the test (Fig. 13b). 

Conclusions 

A preliminary investigation on the application of EIS to the characterization of anodized 
panels has demonstrated that unless a special electrochemical treatment is applied to the 
panels before testing them, obtaining results with the large surface cell and the buffered 
chloride solution would be as tedious and unreliable as it is with salt spray testing. 

The quality control of aluminum anodizing with routine potentiodynamic polarization 
measurements has become an acceptable and reliable replacement of salt spray testing. A 
detailed statistical analysis of results obtained with these two accelerated testing tech- 
niques has demonstrated [17] that both methods can reveal relatively easily defective 
panels. But potentiodynamic polarization or EIS measurements can be performed a thou- 
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F I G .  9--Typical EIS results obtained with an anodized and sealed (tap water, pH 4.5) 
panel during the sixth day of  test in the electrochemical cell: (a) Nyquist plot and 
projected centers obtained with the permutation analysis technique [13, 14], (b) Bode 
representation of  the same results. 
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FIG. lO--Continuous plot o f  depression angle and corrosion rate (1/R) obtained by 
analyzing EIS measurements with an anodized but not sealed aluminum panel. 

sand times faster than classical salt spray exposure and be included in the routine daily 
operation of a plant. Additionally, the sensitivity of the electrochemical testing techniques 
to intermediate surface conditions means these techniques could be used to reveal trends 
in the anodizing chemistry and to fine-tune the process. 
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FIG. 11--Continuous plot o f  depression angle and corrosion rate (I/R) obtained by 
analyzing EIS measurements made with an anodized and sealed aluminum panel. 
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FIG.  12--Analyzed results o f  EIS measurements made on two sets of  panels ( .... sealed 
in deionized water [corrosion rate = 0.I txm/y by potentiodynamic measurement] and 
- -  sealed in tap water [corrosion rate = 20 txm/y by potentiodynamic measurement]) 
after an activation o f  + 600 m V (versus SCE) for 6 ( I ) ,  7 (�9 and 8 ( A ) min: (a) calculated 
EIS corrosion rates, (b) calculated depression angles. 
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Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ROBERGE ET AL. ON ALUMINUM ANODIZING 327 

References 

[1] MIL-A-8625C, Military Specification, Anodic Coatings, For Aluminum and Aluminum Alloys, 
1969. 

[2] Yousri, S. and Tempel, P., Plating and Surface Finishing, Vol. 74, No. 11, 1987, pp. 36-43. 
[3] Van Orden, A. C., CORROSION~91, Paper 140, National Association of Corrosion Engineers, 

Houston, TX, 1991. 
[4] Greene, N. D. and Gandhi, R. H., Materials Performance, Vol. 21, No. 7, 1982, p. 34. 
[5] Pye, E., "POL-PLOT Software for Electrochemical Testing," Computers in Corrosion Control, 

Vol 2, A. C. Van Orden and R. Erban, Eds., National Association of Corrosion Engineers, 
Houston, TX, in press. 

[6] Mansfeld, F., "The Polarization Resistance Technique for Measuring Corrosion Currents," 
Advances in Corrosion Science and Technology Vol. 6, M. G. Fontana and R. W. Staehle, Eds., 
Plenum Press, New York, 1976, p. 163. 

[7] Stem, M., Corrosion, Vol. 14, No. 9, 1958, pp. 440-444. 
[8] Stern, M. and Geary, A. L., Journal of the Electrochemical Society, Vol. 104, 1957, pp. 56-63. 
[9] "Softcorr Corrosion Measurement Software," EG&G, Princeton, NJ, 1986. 

[10] Zeller III, R. L. and Savinell, R. F., Corrosion Science, Vol. 26, No. 8, 1986, pp. 591-599. 
[11] Epelboin, I., Keddam, M., and Takenouti, H., Journal of Applied Electrochemistry, Vol. 2, 

1972, pp. 71-79. 
[12] Silverman, D. C., "Simple Models/Practical Answers Using the Electrochemical Impedance 

Technique," Corrosion Testing and Evaluation: Silver Anniversary Volume, ASTM STP 1000, R. 
Baboian and S. W. Dean, Eds., American Society for Testing and Materials, Philadelphia, 1990, 
pp. 379-395. 

[13] Roberge, P. R. and Beaudoin, R., Journal of Applied Electrochemistry, Vol. 18, 1988, pp. 38-42. 
[14] Roberge, P. R., "Analyzing Electrochemical Impedance Corrosion Measurements by the 

Systematic Permutation of Data Points," Computer Modeling in Corrosion, ASTM STP 1154, R. 
S. Munn, Ed., American Society for Testing and Materials, Philadelphia, 1992, pp. 197-211. 

[15] Mansfeld, F. and Kendig, M. W., Journal of the Electrochemical Society, Vol. 135, No. 4, 1988, 
pp. 828-833. 

[16] Grauer, R., Moreland, P. J., and Pini, G., "'A Literature Review of Polarisation Resistance 
Constant (B) Values for the Measurement of Corrosion Rate," National Association of 
Corrosion Engineers, Houston, TX, 1982. 

[17] Roberge, P. R. and Sosin, K. A., "Corrosion Cost and Risk Analysis: Coping with 
Uncertainty," Proceedings, International Symposium on Materials Performance Maintenance, 
30th Annual Conference of Metallurgists, August 18-21, 1991, Ottawa, Canada. 

[18] Hoar, J. P. and Wood, G. C., Electrochimica Acta, Vol. 7, 1962, p. 333. 
[19] Hitzig, J., Juttner, K., Lorenz, W. J., and Paatsh, W., Corrosion Science, Vol. 24, 1984, p. 945. 
[20] Hitzig, H., Juttner, K., Lorenz, W. J., and Paatsch, W., Journal of the Electrochemical Society, 

Vol. 133, 1986, p. 887. 
[21] Mansfeld, F. and Kendig, M. W., Corrosion, Vol. 41, No. 8, 1985, pp. 490-492. 

Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Gayle R. T. Schueller ~ and S. Ray Taylor 2 

Equivalent Circuit Modeling of Aluminum/ 
Polymer Laminates Using Electrochemical 
Impedance Spectroscopy 

REFERENCE: Schueller, G. R. T. and Taylor, S. R., "Equivalent Circuit Modeling of 
Aluminum/Polymer Laminates Using Electrochemical Impedance Spectroscopy," 
Electrochemical Impedance: Analysis and Interpretation, ASTM STP 1188, J. R. Scully, D. 
C. Silverman, and M. W. Kendig, Eds., American Society for Testing and Materials, Phila- 
delphia, 1993, pp. 328-343. 

ABSTRACT: The electrochemical impedance response of crevice geometries in aluminum 
polymer structures is investigated using transmission line circuitry in an approach similar to 
porous electrode impedance analysis. An equivalent circuit is proposed for edge-exposed 
rectangular defects in aluminum components such as laminates, and its impedance response 
is calculated as a function of defect dimensions, solution resistivity, and exposed planar 
surface area. Model laminates were constructed with known rectangular defect dimensions 
and their measured impedance spectra provided experimental verification of the predicted 
trends. 

KEYWORDS: adhesive bond, aluminum, impedance, laminates, modeling, transmission line 
theory 

Many applications of aluminum, from adhesively bonded structures to metal/polymer 
laminates used in food and drug packaging, depend on the integrity of an aluminum/ 
polymer bond. Since failure of such components often initiates from pre-existing debonded 
regions [1-10], it is desirable to develop a method that can detect such flaws. The 
objective of this research is to employ equivalent circuit modeling based on porous 
electrode theory to quantify the geometry of debonded regions of aluminum polymer 
laminates from impedance spectra obtained by edge-on examination. 

The most easily conceived and commonly used methods for adhesive bond evaluation 
are mechanical tests that determine the weakest link in a bonded specimen under specific 
environmental,  geometric, and loading conditions [11-14]. These tests do not always 
provide accurate representation of practical failure conditions, and since they assess 
adhesive bond quality by destructive means, they cannot offer failure prediction for in- 
service components.  

Liquid penetrant  [15-18] and magnetic particle [17,18] testing methods are portable, 
relatively inexpensive, and often employed for detecting crevices associated with 
delamination. These methods allow evaluation of defect width and thickness, but provide 
no information about the debonded depth unless destructive methods are employed to 
expose dye ingress in the defect plane. Since these techniques rely on electrolyte ingress, 
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they are restricted to detection of edge-exposed defects and risk defect masking if the 
specimen surface has been treated. An additional limitation of magnetic particle testing is 
its restriction to ferromagnetic materials, thus excluding aluminum. 

Ultrasonic [17-20], holographic [17,18], and radiographic [17,18,21] testing methods are 
independent of specimen magnetic properties, capable of detecting internal defects, and 
can be extremely sensitive; however, their sensitivity depends strongly on specimen orien- 
tation, trained inspectors, and relatively expensive, nonportable equipment. Of these 
methods, ultrasonic inspection is the least affected by the limitations described and the 
most commonly employed for evaluation of adhesive bonds. Ultrasonic testing can accu- 
rately assess debondment in single adhesive bonds, providing the sensor is perpendicular 
to the defect plane; however, this detection is significantly compromised in multilayered 
specimens and when the sensor cannot be aligned appropriately. 

Each defect detection technique has strengths and weaknesses, and a complete, accu- 
rate analysis of the integrity of adhesive bonds or laminate structures can only be assured 
by using multiple methods. Electrochemical impedance spectroscopy (EIS) is proposed as 
a nondestructive evaluation method for use in conjunction with present techniques. The 
theory is sufficiently general to apply to any system with constricted defect geometries, 
providing the defect is edge-exposed and an electrically conductive surface is exposed 
within the flaw. As a technique still under investigation, exact detection limits are not yet 
determined. It is clear, however, that the external surface area exposed boldly to electro- 
lyte, the surface condition of the electrode, and the test solution resistivity are extremely 
important to these investigations. Like liquid penetrant inspection, this method requires 
solution ingress into the defect, but unlike liquid penetrant inspection, it will be demon- 
strated that impedance provides information about defect dimensions beyond the exposed 
surface. 

Theoretical Development 

Evaluation of adhesive bonds by EIS assumes that moisture ingress into an edge- 
exposed defect at the metal/polymer interface results in an electrolyte-filled crevice whose 
apparent impedance response is described by transmission line circuitry and can be 
evaluated within the overall impedance response. For a perfectly bonded specimen, the 
laminate edge appears electrochemically as a planar surface whose area is equal to the area 
of metal exposed. Figure 1 illustrates a system where moisture has ingressed into the 
defective region of a bond. The constricted defect geometry results in potential and 
current distributions different from planar specimens, and it is proposed that these altered 
distributions give rise to significant differences between the impedance response of defec- 
tive laminate specimens and perfectly bonded ones. Previous investigations of the imped- 

Metal,,~,,~,'<, , . 

~., ........... : . . '  ........ .~,,.:... : "  " " ' "  I ~-~ [ l y ~ e ~ ' e c ' r o  ' ' -  L P~ r 

FIG. 1--Schematic illustration o f  moisture ingress into an edge-exposed defect. 
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ance response of constricted electrochemical systems have ranged from corrosion studies 
to battery and fuel cell research [22-28]. 

Porous Electrode Theory 

B a c k g r o u n d - - D e L e v i e ' s  derivation of the porous electrode impedance response as- 
sumes an electrode dominated by essentially circular, cylindrical pores of uniform diame- 
ter and infinite depth with sufficiently high pore density to neglect the external surface [29- 
32]. Assuming negligible electrode impedance and homogeneous electrolyte in the pores, 
the impedance per unit length, dx, inside a pore was modeled by the circuit in Fig. 2 [29] 
where the incremental solution resistance, R dx, and surface impedance, Z/(dx), are 
defined as 

R dx = d R , -  p'dx and Z=dZ_ Zp (1) 
"rrr z dx 21rr dx 

Here, r is the pore radius, ps is the solution resistivity, dR. is the incremental solution 
resistance in the pore,  and Z.  is the impedance per unit area of the electrode material in a 
planar configuration at the frequency in question. Employing this model, the incremental 
change in potential, de, and current, di, were derived, then subjected to the boundary 
conditions for a porous electrode under an applied ac potential to determine the apparent 
pore impedance at the specimen surface (x = 0) [30] 

Z~ - e(O) _ V ~ e R  = R,/Z}Z.l,,2et/Z,,.p~ = iZalei,~ ~ (2) 
i(O) 

Thus, 

Izal = R'/Zlz.I1/2 and w. = 1/2~. (3) 

where Z~ is the apparent  pore impedance at a given frequency, R is the solution resistance 
per unit pore length, Zp is the impedance per unit area of planar surface, q~ is the phase 
angle of the pore impedance, and % is the phase angle of the planar specimen impedance. 
The shift in the electrode impedance in porous electrodes will be referred to as the 

- - 

x x + d x  

FIG. 2--Equivalent  circuit for  an incremental length o f  an electrolyte-filled pore. 
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"squaring" effect whereby: (1) the magnitude of the impedance of a porous electrode is 
equal to the square root of the impedance of the planar electrode multiplied by proportion- 
ality constant RV2; and (2) the phase angle of the impedance of a porous electrode is one 
half that of the planar electrode. A schematic of this behavior is shown in Fig. 3 [30]. 

One way to assess pore depth is to consider the "penetration depth," h, for a given 
frequency of applied signal. DeLevie defines the penetration depth as [30] 

h = k/~IZP(~ (4) 
R cos[1/2tp(oJ)] 

For semi-infinite pores, defined as pores with depths, d, greater than three times the 
penetration depth (d -> 3X), the impedance of the pore bottom can be neglected, and the 
apparent pore impedance is given by Eq 2. For more shallow pores, effects of signal 
penetration to the base of the pore must be considered. If the boundary conditions are 
adjusted, the apparent impedance of shallow pores (d < 3h) can be defined by [30] 

Z a : ~ c o t a n h  R d  ( 5 )  

X/Z~R 

The cotanh term approaches unity as d increases, thus reducing this general form to that of 
a semi-infinite pore and providing continuity between shallow and semi-infinite behavior. 
For pore depths less than 3k, the apparent pore impedance increases with decreasing pore 
depth. Since impedances in parallel are dominated by the smallest value, the total low- 
frequency impedance of a specimen containing both deep (d -> 3h) and shallow (d < 3h) 
pores is dominated by the former. Electrodes with a number of intermediate depth pores 

N 

e -  

0 
C~ 

E 
0 
0 

.~_ 

E 

planar surface 

~ porous surface 

Real Component ( Z' ) 

N 

_9 ~ 

nar surface 

porous su fface'"-. ~\ .... 

Log I frequencyl 

C 

f p,~n~u~oe ' , \  

�9 \ 
. \ 

Log I frequencyl 
FIG. 3--Comparison of  the impedance responses of  an electrode material in planar and 

porous configurations. 
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exhibit "porous" behavior at high frequency and "planar" behavior at low frequency. The 
transition frequency between the two types of impedance responses is called the "critical 
frequency" and can be obtained from the impedance spectrum and related physical 
parameters such as the average pore depth and radius [22,23]. Factors such as a distribu- 
tion of pore sizes and a nonnegligible external surface may be accounted for by vector 
addition of the impedances of the different sized pores and flat external surface at each 
frequency. 

Adaptation o f  Porous Electrode Theory to Crevice Geometries--Porous electrode im- 
pedance theory was adapted for analysis of the crevice geometries associated with adhe- 
sive failure of laminate structures and metal/polymer bonds by assuming defects to be 
rectangular parallelepipeds with dimensions d, w, and t, as shown in Fig. 4. The circuit 
model proposed for electrolyte-filled defects in laminates is similar to Fig. 2, except in this 
case, dZ and dRs, defined as the surface impedance and solution resistance per unit depth 
of defect, are calculated by the equations 

R dx = dRs - 9rdx and Z =  dZ - Zp (6) 
wt dx w dx 

Most assumptions involved in this model are the same as those in the porous electrode 
model. Specifically, a simple constricted geometry is assumed in both models and the 
circuit components corresponding to the incremental surface impedance and solution 
resistance are assumed constant through the defect depth and directly calculable from bulk 
values. 

Experimental Methods 

The development of the impedance response of a crevice geometry has been confined 
thus far to the general case of a planar impedance, Z(to), thereby allowing application of 
this model to any system with a known planar impedance response. For the present 
investigation of aluminum structures, the impedance response of planar aluminum must be 
incorporated in the model. 

Copper Foil Epoxy for reinforcement 

Electrochemical Cell 

FIG. 4--Schematic o f  simulated laminate specimens used for laminate modeling. 
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Investigation of Planar Aluminum Specimens 

The specimens used for fiat sample investigation were typically high-purity aluminum 
(99.999%) polished to a mirror finish using Mastermet TM (Buehler) and degreased with 
hexane. These conditions were selected to obtain a baseline understanding of the imped- 
ance response of aluminum before introducing practical complications such as chemical 
heterogeneity caused by alloying elements and increased surface roughness, both of which 
can lead to a distribution of  electrochemical time constants. Once these impedance spectra 
were documented,  more realistic systems were investigated including aluminum alloys 
1100, 6061, and 3003 with surface finishes ranging from Mastermet to 180 grit. While the 
more practical alloys and surface finishes resulted in impedance spectra with increased 
frequency dispersion, the general behavior was the same and one circuit model was 
deemed representative of all but the roughest surface finishes. Aluminum alloy 6061 was 
chosen as a representative alloy for the laminate investigations. 

Investigation of Aluminum Laminate Specimens 

As shown in Fig. 4, laminate specimens consisted of two 2 in. by 2 in. by 3/4 in. (5 cm by 
5 cm by 2 cm) blocks, one of aluminum alloy 6061, and one of polymethylmethacrylate 
(PMMA), sandwiched together with a thin layer of silicone vacuum grease to provide a 
watertight seal. The aluminum blocks were polished to a 600 grit finish, spot-welded to 
copper foil for electrical connection, then degreased with hexane. The polymer blocks 
were polished to 600 grit on all sides, then machined on one of the large faces to create 
"defec t s"  with known, rectangular dimensions. Typical defect dimensions were depths of 
0.3 to 3 cm, widths of 0.4 to 1.0 cm, and thicknesses of 0.01 to 0.1 cm. A thin layer of 
silicone vacuum grease was applied to the "nondefect ive"  region of the machined surface 
and the two blocks were then carefully pressed together to simulate a defective laminate of 
known defect dimensions. 

Electrolyte 

The electrolyte chosen for both planar and laminate studies was an aerated 0.1 molar 
solution of sodium borate (NazB4OT) buffered to pH 7 by addition of boric acid (H3BO4) to 
stabilize the oxide film. This particular solution was chosen for its nonaggressive effects on 
aluminum after long-term exposure [33]. In order to investigate the effects of various 
solution resistivities on defect detection, the NazBaO7 concentration was adjusted, but the 
pH was held constant in order to adjust the conductivity without compromising oxide 
stability. 

Equipment 

A Schlumberger 1250 frequency response analyzer and 1286 electrochemical interface 
were used to conduct impedance tests in the electrochemical cell shown schematically in 
Fig. 5. One endplate of the cylindrical cell contained a 1 cm 2 circular opening for the 
working electrode. A noncrevicing knife-edge Teflon| gasket was chosen for fiat sample 
exposure; however,  these gaskets leaked when used for laminate specimens, so nitrile 
o-rings were employed instead. The opposite endplate housed the counter electrode, a 6- 
cm 2 square of platinum clad niobium mesh. A saturated calomel reference electrode (SCE) 
was placed in a well having a Luggin capillary for accurate potential readings near the 
working electrode surface. 
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FIG. 5--Flat sample electrochemical cell used in impedance experiments. 

Experimental Parameters 

A dc potential of - 0 . 6 0  V versus SCE with an applied ac signal of 10 to 20 mV rms was 
chosen for the impedance tests based upon results from polarization scans on various 
aluminum alloys. Data from potentiodynamic scanning experiments indicated that - 0 . 6  V 
versus SCE was consistently within 100 mV of open circuit and resulted in currents below 
the sensitivity limit of available potentiostats (less than one nanoamp per square centime- 
ter). The measured frequency range was typically between 65 kHz and 1 mHz. Some 
experiments were conducted outside this range; however, they provided additional infor- 
mation only in the case of extremely deep defects. 

Experimental Results and Discussion 

Planar Impedance Response of Aluminum 

EIS has been employed to study aluminum in a variety of aqueous environments [33- 
49]. Figure 6 illustrates one of the more complete equivalent circuit models proposed for 
the aluminum/oxide/electrolyte interface. When using a nonaggressive borate electrolyte, 
this model can be simplified to the circuit model in Figure 7 [33]. Figure 8 compares the 
experimental impedance responses of 600 grit AA6061 and 99.999% aluminum with a 
Mastermet finish, both measured in aerated borate buffer, to the theoretical response of 
this circuit. While the spectra are quite similar, they are not in perfect agreement: the 
phase angle broadening and reduction in magnitude observed in the experimental spectra 
are commonly observed for solid electrodes. Possible explanations of this effect involve 
electrode inhomogeneities due to surface roughness, impurities, grain boundaries, and 
localized corrosion [37,40-49], however these effects are difficult to isolate and impossible 
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% 

FIG. 6--Circuit model for aluminum in electrolyte. 

to avoid in practice. Some investigators [46,48] insert additional circuit components such 
as the constant phase element to give experimental and theoretical data a better "fit." The 
physical interpretation of these additional components is not established and cannot be 
easily incorporated into the present modeling software. We have therefore not imple- 
mented such components at present, but are working on new software to accommodate 
these elements. 

Incorporation of the Defect Geometry 

The general circuit model for systems described by simple transmission line circuitry 
(Fig. 2) was applied to borate buffer exposed aluminum structures by replacing the general 
term, Z(to), with the fiat sample equivalent circuit model of this system (Fig. 7). The result 

% 

:trolyte 

FIG. 7--Simplified circuit model for aluminum in borate buffer. 
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FIG. 8--Comparison between experimental and theoretical data for  planar aluminum 
specimens in borate buffer electrolyte. 

is the circuit depicted in Fig. 9. An incremental oxide resistance and capacitance are 
introduced to the model and are determined by 

dRox - Poxdox and dCo~ - eKoxW dl (7) 
w dl dox 

where e is the permittivity of free space (8.85 • 10 12 F/m), w and dl are the defect width 
and incremental length (dl = (total defect depth)/(number of increments)), and dox, pox, and 
Kox are the oxide thickness, resistivity, and dielectric constant, respectively, determined 
from analysis of the flat sample impedance response [33]. 

The theoretical impedance response 3 of the circuit in Fig. 9 with defect dimensions w = 
0.76 cm, d = 3.1 cm, t = 0.03 cm, and an exposed aluminum surface of 0.5 cm 2 is given by 
the solid line in Fig. 10. This combined impedance response includes the defect and boldly 
exposed surface, and can be understood by recognizing that the impedance associated 
with the defect (dashed line) is in parallel with the impedance of the exposed front surface 
(dotted line). Since current follows the path of least resistance, these spectra predict that 
the combined response would be described by the boldly exposed surface at high frequen- 
cies and the defect surface at low frequencies. All three plots indicate that the combined 
electrode impedance response is strikingly different from the flat sample impedance re- 
sponse. The magnitude response indicates two separate slopes as well as a distinct reduc- 
tion in the low-frequency magnitude; the phase angle response reveals two phase angle 
peaks,  compared to the single phase angle peak characteristic of planar samples; and the 
Nyquist  plot indicates skewing in the combined spectrum. Both the impedance spectra of 
the defect with exposed planar surface and the defect alone exhibit critical transition 
frequencies. For  the spectrum of the defect alone, this frequency marks the transition from 

3Theoretical impedance data were generated using a simulation program for integrated circuit 
evaluation called PSPICE Electrical Circuit Simulator Evaluation Version (January 1990). The pro- 
duction version is available from MicroSim Corporation, 20 Fairbanks, Irvine, CA 92718. 
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Aluminum Polymer 
FIG. 9--Equivalent circuit model for disbondment at an aluminum~polymer interface. 

high-frequency porous impedance behavior to lower-frequency planar behavior. For the 
defect with exposed planar surface, this frequency corresponds to the transition from the 
exposed planar surface response at high frequency to the defect response at low fre- 
quency. In both cases, the critical frequency depends on solution resistivity and defect 
dimensions [22,23]. The shifts in the impedance response of defective aluminum laminates 
(compared to planar specimens) demonstrate theoretical promise for the application of EIS 
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FIG. lO--Theoretical impedance response of a laminate specimen illustrated in Fig. 4. 

as a crevice evaluation method. Given that the Bode plots illustrate the impedance shifts 
associated with this model more clearly than the Nyquist  plots, subsequent data will be 
illustrated in the Bode format. 

Impedance Trends Predicted by Variation of Physical Parameters 

To assess practical defect evaluation by EIS, the theoretical capabilities and limitations 
must be determined. Towards this end, the impedance was calculated and experimentally 
verified with a range of physical parameters.  

Boldly Exposed Area--A critical parameter in laminate investigations is the planar 
surface area of metal exposed at the surface. In porous electrodes, exposed planar sur- 
faces are typically very small compared to interior pore surfaces and the front face is 
commonly neglected in impedance analyses. For  adhesively bonded structures, boldly 
exposed surfaces can be similar in size to the surface exposed within a defect of cata- 
strophic size, and such simplifications cannot be afforded. Figure 11 illustrates the calcu- 
lated and experimental  impedance for a range of exposed areas and their effect on the 
detectability of  a 1.5 cm by 0.76 cm by 0.09 cm defect measured in a 110 l l -cm solution. 
Under these conditions, all exposed surface areas evaluated allow distinction between the 
two phase angle peaks and clearly indicate the critical frequency between the high-fre- 
quency planar surface impedance response and the lower-frequency defect component.  
The key points are that the critical frequency does not change with the amount of planar 
area exposed and that areas significantly above 0.8 cm 2 allow poor distinction between the 
front area and defect responses even under ideal theoretical conditions. Experimentally,  
the area of exposed metal was controlled by shifting the specimen position relative to the 
cell opening. The corresponding impedance shifts reveal improved defect detection with 
decreased planar areas, as predicted by the model. 

Solution Resistivity--Since solution resistivity is a controlled experimental parameter  
and not a value intrinsic to the defect, it is particularly important to understand its effects. 
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FIG. 11--Theoretical and experimental impedance responses of a laminate specimen 
with various exposed planar surface areas. 

Figure 12 shows the calculated and experimental impedance response of a defect with d = 
1.5 cm, w = 0.76 cm, and t = 0.09 cm, measured with a range of solution resistivities. The 
most obvious trend observed with variation in solution resistivity is the shift from com- 
plete defect penetration at low-solution resistivities (resulting in an almost completely 
planar impedance response), to porous electrode behavior at high resistivities. The porous 
behavior is evidenced in the impedance spectra by increased skewing of the Nyquist plot 
and a reduction of the width, magnitude, and frequency of the defect phase angle peak 
with increased solution resistance. The experimental impedance spectra confirm that in- 
creased solution conductivity increases the critical frequency and the magnitude and width 
of the phase angle peak associated with the defect impedance response. 

Both calculated and experimental data emphasize that an appropriate solution resistivity 
is essential for good defect detection. If the solution resistivity is too high, the defect 
impedance signal may not be resolved from the low-frequency portion of the flat surface 
response. If it is too low, the current and potential distributions may not be sufficiently 
affected by the defect geometry to allow distinction from a flat sample response. The 
optimum solution resistivity for detection of a given defect is determined by its dimensions 
and the frequency range of the measuring equipment. In this example, the optimum 
solution resistivity is between 100 and 1000 ~-cm. 

Defect Depth--As the critical parameter in many failure analyses, there is great interest 
in the assessment of defect depth (defined by d in Fig. 4). Figure 13 illustrates the effect of 
defect depth on the calculated and experimental impedance response of three specimens in 
1 l0 ~-cm electrolyte with defect widths and thicknesses of 0.76 cm and 0.09 cm, respec- 
tively, and depths ranging from 0.76 cm to 3.1 cm. As with solution resistivity, an optimum 
depth detectability range was observed. These data indicate that deeper defects shift the 
critical frequencies to lower values and decrease the low-frequency impedance limit. By 
appropriate choice of solution resistivity and minimization of the planar surface, shallow 
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FIG. 12--Calculated and experimental impedance responses of  a laminate specimen 
evaluated in electrolytes with various solution conductivities. 
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defects or surface scratches are not confused with defects in the range of interest. Deeper 
defects translated to more constricted geometries, and resulted in impedance responses 
similar to porous electrodes with significant exposed planar surfaces. As with high-solu- 
tion resistivities, deep defects risk being masked by the low-frequency portion of the flat 
sample impedance response. A decreased planar surface area or a different solution 
resistivity may be employed to assess defects whose dimensions are out of range. 

Defect Thickness--Figure 14 shows the calculated and experimental impedance re- 
sponse as a function of defect thickness (defined by t in Fig. 4) for a defect 0.76 cm wide 
and 1.5 cm deep in a 110 l~-cm solution. As with variations in solution resistance and 
defect depth, thickness differences also cause spectra to shift in frequency. These data 
confirm that tighter crevice geometries decrease the critical frequency and the low-fre- 
quency phase angle peak. As discussed previously, these effects can be compensated by 
selecting more conductive testing solutions and are most easily observed when the exter- 
nal area is minimized. 

Conclusions 

E I S  has been shown to have theoretical promise for detection and evaluation of edge- 
exposed crevices including defects in aluminum/polymer laminates and adhesively bonded 
structures. Assuming rectangular defect geometries and uniform surface impedance and 
solution resistance within the defects, a circuit model has been proposed for creviced 
specimens based on the fiat sample impedance response and physical parameters such as 
defect dimensions, solution resistivity, and boldly exposed electrode area. The impedance 
response of this circuit indicates that physical parameters directly affect the impedance 
response o f  a creviced specimen in predictable ways. This suggests the possibility o f  
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F I G .  14--Theoretical and experimental spectra illustrating the effect of  defect thickness 
variation on the overall impedance response of  a machined laminate specimen. 
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monitoring changes in defect geometry with time and even quantification of unknown 
defect geometries using impedance spectroscopy. Experimental studies on simulated alu- 
minum laminates show that variations in physical parameters are detectable in specific 
shifts in the electrode impedance response and that impedance spectra can provide consis- 
tent indications of defect presence and relative size. The method and theoretical develop- 
ment indicate that any material whose flat sample impedance response is understood can 
be investigated in this manner, and that any penetrable crevice geometry could be detected 
and evaluated by the method, providing the appropriate testing solution resistivity is 
chosen and the planar metal surface is sufficiently small. 
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DISCUSSION 

M. Kendig ~ (written discussion)--The existence of a characteristic frequency used by 
both the authors of this paper and the previous paper requires that the metallic surface be 
ideally polarized (passive in the case of this paper, noble in the case of the paper by Kelly 
and Newman). It must be pointed out that if a sufficiently rapid faradaic reaction occurs, 
then the impedance will not scale with surface area and the characteristic frequency 
related to complete signal penetration will not be observed. 

G. R. T. Schueller and S. Ray Taylor (authors' closure)--It is the belief of the authors 
that low solution resistances (high electrolyte concentrations) can be used to evaluate 
metallic surfaces on which rapid faradaic reactions occur. (See section on solution resistiv- 
ity.) This behavior has been sucessfully modeled by the methods described in this paper. 

1Rockwell International Science Center, Thousand Oaks, CA 91360. 
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ABSTRACT: The polarization resistance and electrochemical impedance for a two-electrode 
cell consisting of a buried metallic structure and a small nonpolarizable disk electrode has 
been discussed considering the distribution of the signal current. Since interfacial impedance 
decreases with increasing ac frequency, the electrochemical impedances at high and low 
frequencies correspond to those for the primary and secondary current distributions respec- 
tively. The complex plane plot of the electrochemical impedance of a buried structure 
measured with the probe exhibits a semicircle or semi-ellipse depending on the structure, the 
intercept of which is not proportional on the real axis to the polarization resistance. The 
impedance diagrams for a buried structure in the presence of local corrosion deviate from 
those in the absence of local corrosion below a certain frequency, which is determined by the 
distance between the local corrosion site and the probe electrode. This threshold frequency 
serves as a reliable tool for detecting the location of the local corrosion of a buried structure. 

KEYWORDS: buried structure, polarization resistance, primary current distribution, secon- 
dary current distribution, corrosion monitoring, measuring area, local corrosion, distributed 
parameter system, electrochemical impedance 

The electrochemical impedance method is finding increasing application in corrosion 
research, since the technique is one of the promising tools for obtaining mechanistic 
information as well as for monitoring the rate of corrosion. The correlation between the 
impedance and corrosion rate was first found experimentally by Epelboin et al. [1] and 
theoretically by Haruyama [2]. Based on the impedance theory, Haruyama and Tsuru [3] 
developed an automatic ac corrosion monitor that substantially measures the impedance 
data at two extreme frequencies. Although the corrosion monitoring based on electro- 
chemical impedance has been successfully used in various service tests, there still remain 
many problems for understanding the impedance data, especially in much extended appli- 
cations. 

The corrosion of buried metallic structures, such as fuel tanks and pipelines, is becom- 
ing a serious problem around the world, and there is a plan for monitoring the uniform or 
local corrosion, or both, of the structures in service by measuring their polarization 
resistance or electrochemical impedance, or both. It is the electrochemical measurement 
of a two-electrode cell consisting of a large metallic structure and a probe electrode. The 
problems involved in this measurement are that the signal current is not uniform over the 
structure surface and the effective measuring area is not a priori known, being dependent 

1Research manager, Electricity Technology Research and Development Center, Tohoku Electric 
Power Co., Inc., 7-2-1, Nakayama, Sendai, Miyagi 981, Japan. 

2president, Tokyo National College of Technology, 1220-2, Kunugida, Hachioji, Tokyo 193, Japan. 
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348 ELECTROCHEMICAL IMPEDANCE 

on polarization resistance as well as frequency. It provides a problem on the impedance 
for a distributed parameter system. Corrosion of pipeline [4-6] was simulated by a cascade 
connection of finite simple electric circuits, but even the pipelines have not been strictly 
dealt with as a distributed parameter system. 

The aim of this paper is to analyze the polarization resistance and the electrochemical 
impedance for the two-electrode cell consisting of a buried large metallic structure and a 
nonpolarizable disc electrode, considering the distribution of the signal current. The dis- 
cussion is focused on the possibility of estimating the rate of uniform corrosion and the 
location of local corrosion sites on buried structures by the electrochemical impedance 
technique. 

Polarization Resistance for a Buried Large Structure 

Current Profile 

The current profile (secondary current distribution) between a structure and a nonpo- 
larizable probe electrode in a constant resistivity medium is obtained by solving the 
Laplace equation shown in Eq 1 with the boundary conditions regarding the geometry and 
configuration of the system and the electrochemical polarization at metal/electrolyte inter- 
face. 

VZ~b = 0 (1) 

Analytical solution of Eq 1 is very complicated, even for a simple system, and the current 
profile is usually obtained by classical conformal mapping or modern finite element 
method. Since the boundary conditions of the present problem are relatively simple, the 
signal-current distribution is discussed in this paper by using the conformal mapping 
method that gives a relatively general solution. 

The current profile between a large one- or two-dimensional object and a plate disk 
electrode of radius A is analyzed by the image method used in electromagnetism. Both the 

(Image Side) ~ , , (Real Side) 
x = X / A I I ~  ~y ) 

/ i v  I \ 
~ 1  I "x'~ C'irro~U I e~ectl rOde 

FIG. l--Image method for obtaining current profile. 
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object and probe are assumed to be surrounded by a uniform electrolytic medium such as 
soil. Figure 1 shows the configuration for the image method on x-y coordinate, where H is 
the spacing between the two electrodes, p, the specific resistance of the medium, and o~p 
the signal-current density for both faces of the probe disk electrode. In order to generalize 
the discussion, all the parameters in this paper are normalized taking A as the unit, as 
summarized in Table 1. The assumptions and procedure for obtaining the current distribu- 
tion at the object surface is as follows [7]: (1) In the absence of polarization, the potential v 
at p(x,y) in Fig. 1 is obtained as the potential which is attributable to the sum of the 
respective currents from real and image probe electrodes, (2) The potential v' at p(x,y) in 
the presence of polarization is assumed to be written as the sum (u + v), where u is the 
potential attributed to the polarization and is written in a Fourier integral containing an 
unknown function f ( h ) ,  (3) The potential Uy=o due to low polarizations is proportional to 
the current density at the object surface, thus 

Uy=o = pci(x) (2) 

where i(x) represents a local current density and pc, the polarization resistance, is known 
to be inversely proportional to the rate of corrosion [8,9] (it is assumed that the polariza- 
tion resistance is uniform over the entire structure except otherwise noted), (4) The local 
current density i(x) is written as 

i(x) = i y = o ( X )  = 1 Or' 
~ -~-y y=0 

(3) 

TABLE 1--Symbols and definitions. 

Symbols 

Normalized 
Parameter Unit Parameter Description Relation 

A m a radius of probe a = A/A = 1 
H m h gap between probe h = X/A 

and structure 
X m x distance from probe x = X/A 

center 
Wp A/m o~p current density at o~p = W,.A 2 

probe 
I(X) A/m i(x) current density at i = I.A 2 

structure 
V(X) V v(x) potential at 

structure 
R, fl-m p, specific resistance p, = Rs/A 

of medium 
Rc ~ 'm 2 Pc polarization Pc = Rff A2 

resistance 
k polarizability k = RJR, 'A 

(P,YO,) 
C al F/m 2 F al double layer Fdl = C al "A 2 

capacitance 
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FIG. 2--Distribution o f  signal current at object surface. 

After a conventional conformal mapping procedure [7], the current density on the object 
surface is expressed as 

F 2hk cos(ax) da i(x) = o 4 h ( ( x 2  + h2) -1/2 - (x z + h z + 1) -1/2) - 
-g-in -17~ 

= ((x: hZ) - ' '2 - h 2 d a ]  (4) I3o + (h2 + + 1)-1/2)cos(eh) x 

where k represents the polarizability, pip,, and a and h are the auxiliary parameters (0 
~o) for the Fourier integral. The result of numerical calculation of Eq 4 is shown in Fig. 2, 
where the curves for k = 0 correspond to the current distribution in the absence of 
polarization (primary current distribution). It is seen in the figure that, with increasing 
polarization, the current profile becomes uniform over the object surface with the decrease 
of current density. This means that the effective measuring area for polarization measure- 
ment increases with increasing polarization resistance. The distance, where the current 
density decreases to the half value of the maximum current density, is named the nominal 
measuring distance Xm. On the current profile graph, the nominal measuring distance 
corresponds to the intercept of the current lines tangent to the probe surface at the 
structure surface. 

Polarization Resistance 

A similar analysis can be made for the probe electrode, the back face of which is sealed 
so as only the facing surface works as the electrode. From the results of the conformal 
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mapping analysis, it is found that the local current density on the object surface also obeys 
Eq 4 approximately in the case of the one-sided probe except in the vicinity of the nominal 
measuring distance, where the current decreases steeply to zero at x,,. This means that the 
effective distance for a polarization measurement is substantially limited to x,, in the case 
of the measurement by the one-sided probe electrode. As is expected from Fig. 2, the 
nominal measuring distance increases with increasing the polarization, as shown in Figs. 3 
and 4 for two- and one-dimensional structures respectively. 

Since the signal-current density on the object surface decreases with the distance from 
the probe electrode, the partial polarization resistance Re(x) apparently increases with the 
distance, although in fact it is originated from iR drop. Considering the linear current- 
potential relation, it is assumed that the apparent partial polarization resistance increases 
inversely proportional to the partial current density, thus 

i(O) = kp, ~ - kR,i(O) 
Rc(x) = oo i -~  ,~x) (5) 

where the iR drop is assumed to be compensated at x = 0. Since the total polarization 
resistance measured, R,, is the parallel combination of the infinite number of local polar- 
ization resistances over the surface, it is written as 

R,  - Re(O) 

omi(x) ds (6) 

where Re(0) = Pc = k R J A ,  ds = 2~rx �9 dx and ds = 2w �9 dx for two- and one-dimensional 
structures respectively, and w indicates the width of a long belt-like structure. The results 
of the numerical calculation of Eq 6 are also shown in Figs. 3 and 4 for two- and one- 
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FIG. 3 - - D e p e n d e n c y  o f  apparent  polarization resistance and nominal  measuring dis- 
tance on k value fo r  a two-dimensional  structure. 
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FIG. 4--Dependency  of  apparent polarization resistance and nominal measuring dis- 
tance on k value for  a one-dimensional structure. 

dimensional structures respectively. Since an exact mathematical expression of i(x) for a 
one-sided probe electrode is difficult to obtain, the calculation of Eq 6 was made using Eq 
4 under the condition that fix) = 0 at x > xm. 

Is is seen in Figs. 3 and 4 that, with increasing polarization, the nominal measuring area 
is greatly extended and the total polarization resistance increases, exhibiting a saturation 
for the two-dimensional structure. With the increase of the spacing H between the struc- 
ture and the probe, the total polarization resistance decreases because of the increase in 
the nominal measuring area, as is also noted from the figures. It may be possible to limit 
the measuring area to the same size with the probe electrode by reducing the spacing, only 
when the polarization resistance is very low. 

The (RJRs) value (Eq 5) for buried steel structures is usually in the range between 10 and 
1000 in service conditions, which corresponds to k values of 100 to 10 000 for a probe 
electrode 0.1 m in radius. Therefore, referring to Figs. 3 and 4, the nominal measuring 
distance is in the range of 1 to 10 m depending on the k value. 

Although both Rc(0) and i(x) depend on the k value, it is possible to obtain the polariza- 
tion resistance pc ( =  kRJA) from the measured R, and Rs values by a trial and error 
procedure using Eqs 4 and 6. However,  since the total polarization resistance is very low 
(especially for a two-dimensional structure because of a large measuring area), it is difficult 
to eliminate the contribution of the iR drop even at x = 0 in a service condition. 

Electrochemical Impedance for a Buried Large Structure 

It is well-known that the interfacial impedance decreases with increasing ac frequency 
because of  the presence of the electrical double layer at interface. Therefore, it is likely 
that the decrease in frequency has the effect similar to the increase in polarization on the 
signal-current profile and nominal measuring area. Then, the impedance measurement of a 
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buried large structure is the measurement of an electrode, the surface area of which 
changes with frequency. It must be noted that the impedance at extreme high frequencies 
reduced to the medium resistance corresponding to the primary current distribution. 

Electrochemical  Impedance  for  Uniform Corrosion 

Figure 5 shows schematically the arrangement and current profile for measuring the 
impedance of two- and one-dimensional structures buried in a medium of specific resist- 
ance R, (Ps = Rs/A), where top indicates the current density at the probe electrode. It is 
noted that the "current density" indicates that of an ac signal in the following discussion. 
(A scheme for a locally corroded structure is also drawn in Fig. 5 by the dotted lines, 
which will be discussed later.) The partial impedance at a point x on the object surface, 
Z(x, jto), is represented by the equivalent circuit shown in Fig. 6 and written as 

Z(x,jto) = Z,(x) + Zz(jto) (7) 

where to represents the angular frequency, Z](x) is the impedance determined by the 
medium resistance between the probe and the point x on the object, and Z2(jto) is the 
interfacial impedance, which is represented by parallel connection of the transfer resist- 
ance Re and the double layer capacitance C. The transfer resistance is inversely propor- 
tional to the rate of corrosion [1,2]. The Warburg and the other complicated impedances 
are not considered. 

Given tha t j  = ( - 1 )  1/2, Z2(jto) and Z(x,jto) are written respectively as 

1 1 

~(jto) Rc 
+ j toC (8) 

Z ( x ,jto ) 
- -  - RZ(x,to) + jlZ(x,to) (9) 

where 

RZ(x,to) = Z,(x)[1 + to2R2C2] + Rc (10) 
[Z,(x) + Rc] 2 + Z](x)to2RZ~C 2 

IZ(x,to) =- toR2C (11) 
[Zl(X) + Re] 2 + Z~(x)to2R~C 2 

The mathematical expression for Z,(x) in Eqs 10 and 11 is obtained by the following 
procedure. Zl(X) is given by applied voltage V divided by current density J(x). Taking the 
center of the probe electrode as the origin of an angular coordinate r, O, the potential at a 
point distant t from a current source of infinitesimal area 2~rr.dr on the probe disk 
electrode is given by (pstop2~rr'dr)/4~rt. Integrating over the entire disk surface, the poten- 
tial at the object surface is written as 

V(h) = - P'toP r | '  21rr dr _ _ Pstop [(h 2 + 1)~/2 _ h] (12) 
4~r 30 (h z + /,2)1/2 2 
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The applied voltage is given by the difference in the potentials between the probe (y = 0) 
and the object (y = h) as 

V =  V ( O ) -  V(h) = _psov[h + 1 - (h 2 + 1) v2] 
2 

(13) 

Since the field strength E(x) is given by (p,% dv)/4"trt 2 and the current density J(x) at the 
point x is written as E(x)/p,, the integration regarding dv over the entire disk surface yields 

 Yo'E _ p r d r d O  
J(x) -- r 2 - 2xr cos(O) + x 2 + h 2 (14) 

A general solution of Eq 14 is difficult to obtain. Since Zl(x) plays an appreciable role in 
the total impedance only when the nominal measuring area becomes comparable to the 
surface area of the probe electrode, O in Eq 14 is approximated to be zero. Then, 

J ( x ) ~ - ~ l n l X 2 + h 2 +  1 ] x z +  h2 (15) 

From Eqs 13 and 15, Z~(x) is written as 

Zl(x) - V R s [ h  + 1 - -  ( h  2 + 1) u2] 

J ( x ~ - A ~ - [ - x 2 L h " - ~ + I  i E l n L  ~-u 7 (=z--~x~) (16) 

Using Eq 16, Eqs 10 and 11 are rewritten as 

RZ(x,to) = Zo(1 + to2R2C2)/Z(x) + Rc 
[Zo/Z(x) + Re] z + tozR2C2Z~/Z2(x) 

(17) 

IZ(x,to) = t~ (18) 
[Zo/Z(x) + Rc] 2 + o~2R2cC2Z~/Z2(x) 

where 

Zo = R,[h + 1 - (h 2 + l)U2]/A (19) 

I (X 2 + hZ) 1/2 ] 
Z ( x )  = 1 - (x  2 + - ~  + ~3,,~d (20) 

On the other hand, the interfacial impedance Zz(jo) shown in Eq 8 decreases with 
increasing frequency and the increase in frequency yields an effect similar to the decrease 
in polarization resistance (k value) on the current profile and the nominal measuring 
distance Xm. In order to obtain quantitative information on the dependency of the current 
profile on frequency, a new parameter, the frequency-dependent polarizability, k(to), is 
introduced, thus 
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k(, , , )  - k lz=( , , , ) l  

Rc 
(21) 

where IZ2(to) I is the absolute value of the inteffacial impedance Z2(/to) in Eq 8, and is 
written as 

Iz2(o,)l = Rc (22) 
(1 + to2C2R~) '/2 

k 
k(to) = (23) 

2 2 1/2 (1 + w RcC) 

It is noted from Eq 23 that k(to) ~ k for w ~ 0 and k(~o) ~ 0 for oJ ~ ~, respectively, 
Now, k(o~) is used in place of k in Eq 4 for the calculation of i(x). The nominal measuring 
distance x,, is obtained by taking the distance at i(x) = 0.5 �9 frO) after calculating i(x). 

Now, the total impedance is written as 

Z(jo~) 
- R Z ( o )  + j lZ(o) (24) 

Rz(~)- f fxm xm RZ(x,o~) ds (25) 

f'm fxm lg(x, ) ds (26) 

Namely, the real and imaginary parts of  the total impedance are obtained by integrating 
Eqs 17 and 18 over the frequency-dependent nominal measuring area, respectively. There- 
fore, the Bode diagram and/or complex plane plot for the impedance are obtained by 
calculating and plotting IZ[ and O over a wide frequency range by using Eq 27. 

[Z(j~o)[ = [RZZ(t~ + IZZ(t~ 
RZZ(~) + IZ~(co) ' 

| : arctan(IZ(to) ~ (27) 
\ RZ(o~) I 

The results of  the calculation by this procedure will be shown in the following section. 

Electrochemical Impedance for Local Corrosion 

The dotted lines in Fig. 5 show the current profile for the case when a local corrosion 
region W in width occurs between x~ and xz in the nominal measuring area for a two- or 
one-dimensional structure. The total impedance Z(jto) for this case is represented by the 
parallel combination of  the impedances for the locally corroded part Zc(jo~) and for the 
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other relatively sound part Zs(jto). Given that Z,( j to)  and Z~s(jto) are the impedances in the 
absence of local corrosion corresponding to the total area and the locally corroded area 
respectively, they are written as 

1 1 1 
+ - -  (28) 

Z(j(o)  Zc(jto) Zs(jto) 

Z,(jr 
- RZ,(to) + j lZ,( to)  (29) 

1 
= RZ~(to) + jlZ~(oJ) (30) 

z o ( j o ) )  

Zr 
- -  - RZ~:(co) + jlZ~:(to) (31) 

where RZ(r and IZ(to) indicate the real and imaginary parts of respective impedances. 
The following relations exist for these impedances. 

Zs(jto ) = Zcs(jw) Z,(jto) (32) 
Zcy(jto) + Zt(jo~) 

RZ(to)  = RZ,(to) + RZc(to) - RZcs(r (33) 

IZ(o~) = IZ , ( to )  + IZc(~o) - IZc• (34) 

The absolute value and phase shift of the total impedance are obtained from Eq 27 by using 
Eqs 33 and 34. 

Since the current profiles for the locally corroded part and the other relatively sound 
part are interdependent upon each other, it is difficult to obtain the exact current profile for 
the locally corroded structure. Given that the partial current densities for k = ks and k = 
kc are i (x ,k  s) and i(x,kc),  respectively (Eq 4) , the following assumptions are made to 
simplify the calculation: (1) The current distribution on the sound portion is not affected by 
the occurrence of local corrosion and is approximated by that in the absence of local 
corrosion, i (x ,ks) ,  (2) Given that the signal current density at x = 0 in the absence of local 
corrosion is fr0,k s ) and that, in the case where local corrosion extends over the entire 
surface, is i(O,kc), it is assumed that 

i(x,kc) i(O,kc) 

f i x , k  s) i(O,ke) 
- -  - r n  ( 3 5 )  

Then, using Eqs 17, 18, 25, and 26, the respective terms in Eqs 33 and 34 are written as 

~x x m 
RZ,((o) = RZ(x , to )  ds,: k = k s, i(x) = i(x,kr (36) 

= 0  

fx x2 RZc(to) = RZ(x,r dsc: k = kc, fix) = mi(x,kr  (37) 
= x  I 
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~x ~2 RZcs(tO) = RZ(x , to)  dscs: k = k s, i(x) = fix,ks) =x 1 
(38) 

fxXmo JZ IZt(o) ) = (x ,~0 )  dst: k = k s, i(x) = i(x,k s) (39) 

fx x2 IZ~(oJ) = IZ(x,co) dsc: k = kc, i(x) = mi(x ,ks)  
= x  I 

(40) 

fx x2 IZ~s(to) = IZ(x,co) dscs: k = k s, i(x) = f ix ,k  s) (41) 
~ x  1 

where ds, = 2wx .dx ,  dsc = w(dx)  and dscs = w(dx)  for a two-dimensional structure and 
ds, = 2w(dx) ,  ds~ = w(dx)  and dscs = w (dx) for a one-dimensional structure, and x2 = Xm 
in the case of xl < x,, < x2 and RZ~s = Rc  = IZ~s = IZc = 0 for xm < Xl. 

The results of computer simulation based on Eqs 33 through 41 will be seen in the next 
section. The simulation utilized the parameter values approximating those for buried steel 
in service condition. Since buried metallic structures are usually covered with an oxide or 
organic film, a small capacitance value corresponding to the film is utilized in some of the 
calculation in place of the usual double layer capacitance. 

Impedance Diagrams for a Buried Large Structure 

I m p e d a n c e  D i a g r a m s  f o r  a T w o - D i m e n s i o n a l  S t ruc ture  

Un i fo rm C o r r o s i o n - - F i g u r e  7 shows the examples of the Bode diagrams and the com- 
plex plane plots of the impedance for uniform corrosion of a large plate-like structure at 
different k values. The general feature of the Bode diagram is similar to that of a simple 
parallel resistance-capacitance circuit, except for a very slow decrease of the absolute 
value with the increase of frequency at intermediate frequencies. As distinct from the 
impedance for the simple circuit, however, the increase of the polarizability (k value) 
results in only a slight increase in the low-frequency impedance but an appreciable in- 
crease in the maximum phase shift. The complex plane plot of the impedance exhibits an 
inclined semi-ellipse. The size of the semi-ellipse increases with increasing polarizability 
but the intercept of the semi-ellipse on the real axis is not proportional to the polarizabil- 
ity, a behavior different from usual electrochemical impedance. As stated earlier, with 
increasing frequency the interracial impedance decreases in a certain frequency region, 
which results in the decrease in the nominal monitoring area. The decrease in the monitor- 
ing area is accompanied by the decrease in the apparent double layer capacitance, which 
makes the slow impedance decrease at intermediate frequencies dull on the Bode diagram. 
Since the interracial impedance diminishes at high frequencies, the net impedance at high 
frequencies is reduced to the electric resistance of the medium corresponding to the 
primary current distribution. On the other hand, the interfacial impedance increases at low 
frequencies, which results in the increase in the nominal measuring area. Therefore, the 
impedance at low frequencies is that which corresponds to the secondary current profile. 
With increasing the polarizability of the object, the nominal measuring area increases, 
which tends to reduce the apparent polarization resistance. The low-frequency impedance 
corresponds substantially to the apparent transfer resistance covering the nominal measur- 
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FIG. 7--Impedance diagrams for two-dimensional structure at different k values. 

ing area. Thus, it is possible to estimate the net polarization resistance Re(0) for uniform 
corrosion of a buried plate-like structure by measuring the electrochemical impedance 
with a probe electrode, if the current distribution analysis described earlier is carefully 
made. 

Local Corrosion--The effect of local corrosion on the impedance diagram is discussed 
in this section assuming that the rate of uniform corrosion, the specific resistance of the 
medium, and the arrangement of the probe are fixed. Figure 8 shows the impedance 
diagrams for a plate-like structure having a local corrosion at different distances. The solid 
lines in the figure indicate the diagrams in the absence of local corrosion, which are named 
the standard diagram. In the presence of local corrosion, the absolute value in the Bode 
diagram exhibits an extra arrest at intermediate frequencies, the magnitude of which 
increases with increasing distance from the probe electrode, eventually merging with the 
standard diagram. The standard phase shift graph shows a "volcano"-like curve. By 
introducing local corrosion, the low-frequency side of the volcano is deformed, exhibiting 
an extra volcano. The standard curve in the complex plane plot resembles an inclined 
semi-ellipse. By introducing local corrosion, the curve at low frequencies deviates from 
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F I G .  8~Impedance diagrams for a two-dimensional structure locally corroded at dif- 
ferent positions. 

the standard, exhibiting an extra arc. The frequency where the deviation occurs decreases 
with increasing the distance of a local corrosion site from the probe. This is because the 
nominal measuring area increases with decreasing frequency and the deviation from the 
standard curve occurs in the frequency range where the local corrosion site is included in 
the nominal measuring area. The broken corner at the deviation frequency observed in the 
complex plane plots (Figs. 8, 9 and 10) is attributable to a sharp edge of the local corrosion 
and the approximation assumed for i(x) in the vicinity of x,,. 

The effect of the size of local corrosion of the impedance is shown in Fig. 9. When a 
local corrosion occurs in the nominal measuring area, the radius of the semi-ellipse on the 
complex plane plot decreases,  exhibiting an extra arc at low frequencies. As is noted in 
Fig. 9, the radius of the arc increases with increasing the size of the local corrosion. Figure 
10 shows the effect of  the rate of local corrosion on the impedance diagram. The diameter 
of the low-frequency arc decreases with increasing the rate. As is seen in Bode diagrams in 
Figs. 9 and 10, the threshold frequency, where the deviation from the standard curve 
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FIG. 9--Impedance diagrams for two-dimensional structure locally corroded with dif- 
ferent sizes. 

star ts ,  is de te rmined  by the locat ion of  the local cor ros ion  site, wi thout  depending  on the 
rate and size of  the local corros ion.  

The nominal  measur ing  area  for a two-dimens ional  s t ructure  is usually a circle having 
the p robe  at its center .  Therefore ,  it is poss ib le  to de termine  the location of  a local 
cor ros ion  site at a bur ied plate-like s t ructure  by measur ing the impedance  at three  different  
p robe  posi t ions .  The d is tances  of  the local cor ros ion  site f rom three different  p robe  
posi t ions  are de t e rmined  f rom the three  deviat ion f requencies  on the impedance  diagrams 
measu red  at the th ree  different  pos i t ions ,  respect ively .  

Impedance Diagrams for a One-Dimensional Structure 

Uniform Corrosion--The procedure  ment ioned  earlier is used  for obtaining the imped-  
ance  diagram for a one-d imens iona l  s tructure.  Figure 11 shows  the simulated impedance  
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FIG. lO--Impedance diagrams for two-dimensional structure locally corroded with 
different rates. 

diagrams for a belt-like structure with a different uniform corrosion rate. The complex 
plane plot exhibits a semicircle and the general feature of the Bode diagram is rather 
similar to that of a simple parallel resistance-capacitance circuit, except for a dull decrease 
of the absolute value with the increase of frequency at intermediate frequencies. It must be 
noted that the diameter of the semicircle is in proportion not to polarizability but approxi- 
mately to the square root of k value. 

Local Corrosion--The effect of local corrosion on the impedance diagrams is shown in 
Fig. 12. When a local corrosion occurs in the nominal measuring area, the diameter of the 
semicircle on the complex plane plot decreases, exhibiting an extra arc at low frequencies. 
With decreasing the distance of the local corrosion site from the probe electrode, the 
diameter of  the semicircle decreases together with the increase of the arc diameter. The 
Bode diagram exhibits an extra arrest of the absolute value at intermediate frequencies and 
the breakpoint frequency increases with decreasing the distance approximately in inverse 
proportion to the distance. Therefore, as long as the other parameters are kept constant, 
the breakpoint frequency provides a powerful tool for determining the location of a local 
corrosion site of a one-dimensional structure. 
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FIG. 11- - Impedance  diagrams for one-dimensional structure at different k values. 

S u m m a r y  

The polarization resistance and electrochemical impedance for a buried large structure 
has been discussed considering the distribution of the signal current. Since the current 
distribution, hence the effective measuring area, changes with the magnitude of  polariza- 
tion resistance, the apparent polarization resistance is not directly related to the true 
polarization resistance. A mathematical analysis considering the current distribution is 
necessary to obtain the true polarization resistance from the measured polarization resist- 
ance. The nominal measuring distance for a probe is usually in the range between 1 and l0 
m depending on the polarizability and the other conditions. 

In the measurement of the electrochemical impedance of a buried structure with a probe 
electrode, the distribution of the signal current, hence the measuring area, changes with 
the polarization resistance as well as frequency. The impedances at high and low frequen- 
cies correspond substantially to those for primary and secondary current distribution, 
respectively. 

The complex plane plot of the electrochemical impedance thusly measured exhibits a 
semicircle or semi-ellipse depending on the structure, the intercept of which is not propor- 
tional on the real axis to polarization resistance as distinct from usual electrochemical 
impedance. 

The impedance diagrams for a buried structure in the presence of local corrosion deviate 
from those in the absence of local corrosion below a threshold frequency which is deter- 

Copyright by ASTM Int ' l  (all  rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement.  No further reproductions authorized.



3 6 4  E L E C T R O C H E M I C A L  I M P E D A N C E  

E 

io 5 

A = O O 5 m  

h (H /A )  = 2 

w (W/A)= I0  
8OO 

X 2  - X I = I O  

R s  = I 0  t '3 . .  r n  

Ks = IOOOO - -  Sound Case 

I Kc = I 0 0 0  . . . . .  X~ = 5  

C d l f =  10 -4 F /mZ . . . .  X= =10 

~01 C d l c .  i 0 - ,  F/rnZ . . . . . . .  X ,  =50  
1600 

Re (Z)  s 

; i r I 

i 

1 1 1 
0 4 . . . . . . . . . .  -4 . . . . .  ~- - - ~  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

,, ,, ', 
_ i 

- - - -  - q  . . . . . .  r . . . . .  T . . . . .  u . . . . . . . . . . .  F . . . . . . . . . . . .  

I i I ------ 

. . . . . . . . . .  J - - -  ~ . . . . .  " . . . . .  4 . . . . . . . . . .  L . . . . . . . . . . .  
I i i i 

I 

9o ; I I : I 
i i r I 

J 
45 [ / :  ~ . .  I 1 : 

I ~ 4 f ~ - ' - - -  
o - - - - ~ Y ~ , , , ,  ! ~ -  ,-~,T.,?,' . . . . . .  # ,, , , , , . , i  . . . . . .  ,~ , ~  . . . . . . .  / 

IO 4 

z 

< i 0  a Q 

c a  
o~ 

t--- t&_ 

t,fl 

1(3o 

IO 

10 .4  10 .3 I0 "2 I0 "l I I0  10 2 10 3 10 4 10 5 

FREQUENCY (Hz)  

FIG. 12--Impedance diagrams for one-dimensional structure locally corroded at differ- 
ent positions. 

mined by the distance of the local corrosion site from the probe without depending on the 
rate and size of the local corrosion. Therefore, this threshold frequency serves as a reliable 
tool for estimating the location of a local corrosion site on a large buried structure. 
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Calculation of Extended Counter Electrode 
Polarization Effects on the Electrochemical 
Impedance Response of Steel in Concrete 
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Polarization Effects on the Electrochemical Impedance Response of Steel in Concrete," 
Electrochemical Impedance: Analysis and Interpretation, ASTM STP 1188, J. R. Scully, D. 
C. Silverman, and M. W. Kendig, Eds., American Society for Testing and Materials, Phila- 
delphia, 1993, pp. 365-383. 

ABSTRACT: Electrochemical impedance spectroscopy (EIS) measurements of corroding 
reinforcing steel in concrete are complicated by the formation of corrosion macrocells with 
associated potential gradients through the electrolyte. The measurements often require 
placing macroscopic counter electrodes in contact with the external concrete surface. This 
paper presents computations of the extent of current pattern changes and associated EIS 
response variations due to placement of counter electrodes. A model cylindrical reinforced 
concrete system was used, in which the rebar had a central active spot where both anodic 
and cathodic reactions took place. The rest of the bar surface was considered to be passive 
and supporting only cathodic reactions. The predicted impedance spectra yielded apparent 
polarization resistances that tended to underestimate the corrosion current. This was as- 
cribed to nonuniformity of the excitation current distribution. Generally, current distribution 
effects overshadowed variations in the impedance response due to counter electrode place- 
ment or polarizability. 

KEYWORDS: concrete, corrosion, electrochemical impedance, macroceUs, measurement, 
counter electrode, polarizability, current distribution, computation 

Nomenclature 

a 

A 
b 

bc 
ba 
c, 
Co 
C 

Cint  

Cint  sp 
CE 

D 
Eo 

= r e b a r  rad ius  
= ac t ive  region length  
= cy l inde r  rad ius  
= ac t iva t ion  Tafel  c o n s t a n t  for  oxygen  reduc t ion  
= ac t iva t ion  Tafel  c o n s t a n t  for  i ron d isso lu t ion  
= ef fec t ive  oxygen  c o n c e n t r a t i o n  of  conc re t e  at  the  r eba r  surface  
= ef fec t ive  oxygen  c o n c e n t r a t i o n  of  conc re t e  in d i rec t  con tac t  wi th  air  
= ef fec t ive  oxygen  c o n c e n t r a t i o n  at  any  po in t  in the  conc re t e  
= in ter fac ia l  c apac i t ance  of  one  r eba r  surface  segmen t  
= specific in ter fac ia l  c apac i t ance  
= c o u n t e r  e l ec t rode  length  
= ef fec t ive  d i f fus ion coeff ic ient  of  oxygen  in conc re t e  
= equi l ib r ium po ten t i a l  for  the  ca thod ic  r eac t ion  

1Professors, Department of Civil Engineering and Mechanics, University of South Florida, Tampa, 
FL 33620. 
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gcE 

gcp 
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io= 

ioa : 
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mac 
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l app  
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R a p  p : 
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E = polarized potential.  The sign convention used in this paper is such that all 
potentials are with respect  to the steel bar. Thus, the more positive E is at the 
bar surface, the faster the rate of the cathodic reaction tends to be. 
equilibrium potential for the anodic reaction 
dc potential at the electrolyte in immediate contact with the surface of  the 
nonpolarizable electrode 
dc potential of the metal of  a nonpolarizable counter electrode with respect to 
the rebar 
dc potential of the metal of  a polarizable counter electrode with respect to the 
rebar 
Fa rday ' s  constant 
cathodic current density 
exchange current density for the cathodic reaction 
anodic current density 
exchange current density for the anodic reaction 
limiting current density 
total macrocell  current 
total corrosion current 
apparent  total corrosion current 
ac excitation current flowing through the counter electrode of a guard electrode 
assembly 
total ac excitation current flowing from the ac voltage source 
anodic current of a surface element 
cathodic current of  a surface element 
limiting current of a surface element 
cylinder length 
vector  normal to a surface element 
apparent  polarization resistance 
complex potential at the reference electrode location 
ac potential of the voltage source 
diffusional impedance 
impedance of  a surface element of rebar or counter electrode (function of posi- 
tion and frequency) 

~r = electrical conductivity of the concrete 
p = electrical resistivity of  the concrete 
to = angular frequency (2~r. frequency of the test signal) 

Reinforcing steel in concrete is initially passive, due to the high pH of the surrounding 
concrete pore solution. Passivity breakdown can take place because of chloride penetra- 
tion from the external service environment (sea water, road deicing salts) or from atmo- 
spheric carbonation of the concrete [1]. Corrosion products formed after passivity 
breakdown create tensile stresses in the surrounding concrete, leading to cracks and 
eventual structural damage. Externally visible signs of corrosion may not develop until the 
deterioration has reached an advanced stage. As a result, a need exists for nondestructive 
forms of corrosion detection and rate measurement to diagnose condition and to specify 
corrective action in a timely fashion. Electrochemical polarization measurements are a 
natural choice for that purpose, and their application to steel in concrete has been the 
subject of many recent publications [2-6]. However,  polarization measurements are com- 
plicated by factors which include the high resistivity of concrete, slow transport of 
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electroactive species, and macroscopically uneven electrical current distribution through 
the structure to be tested [4]. 

In a typical polarization measurement,  an external counter electrode of finite dimensions 
is placed on the surface of the concrete. Excitation currents are driven by means of the 
external electrode through the concrete cover and into the underlying rebar. Changes in 
potential are measured by a reference electrode in contact with the concrete. Reinforced 
concrete structures are often of large proportions,  and the severity of reinforcement 
corrosion can vary widely from point to point. Therefore, it is important to establish what 
portion of the structure is sampled by a polarization measurement. To that end, the 
counter electrode may be made with relatively large dimensions (in the hope of minimizing 
edge effects on current distribution) and the sample region corresponds roughly to the size 
of the counter electrode. Alternatively, a guard electrode may be placed around a smaller 
counter electrode, with both electrodes at the same potential by a voltage follower circuit 
[7,8]. Ideally, the current flowing through the central counter electrode will flow only to 
the rebar immediately below, thus sharply defining the sampling area. 

The corrosion of steel in concrete normally results in the development of macrocells 
across characteristic distances which may be comparable to the size of the external 
electrodes previously discussed [3,9,10]. Thus, questions have been raised as to how the 
placement of a counter electrode on the concrete surface might alter the pre-existing 
corrosion macrocell  pattern, and what will be the effect of that variation on the measured 
value of the corrosion rate. These questions are addressed in this paper for the case of a 
model system, computing the changes in the dc polarization distribution due to the 
external electrode placement. Since most polarization measurements for steel in concrete 
use small-signal techniques, the problem will be analyzed by computing the corresponding 
changes in the electrochemical impedance response of the system. The results are in 
principle applicable to other small-signal methods (polarization resistance, pulses) by 
considering the spectral composition of the signals used in each case [6,11,12]. 

A previous paper by the authors introduced an approach for the computation of corro- 
sion macrocell  current distribution and associated electrochemical impedance response in 
concrete [13]. The calculations presented here use a similar approach, expanded to include 
computation of oxygen distribution in the concrete and allowing for multiple electrode 
reactions at individual steel surface elements. 

Procedure 

dc Polarization Conditions, Initial System 

The base system studied was a reinforced concrete cylinder with an axial rebar (see Fig. 
1). A small active segment (corresponding to a region of chloride contamination) was 
introduced at the center of the bar; the rest of the bar surface was considered to be 
passive. 

The concrete was treated as a homogeneous solid with a uniform effective oxygen 
diffusion coefficient and electrical conductivity. The effective oxygen concentration was 
considered to be constant along the lateral surface of the cylinder, equal to a value 
consistent with atmospheric exposure. No oxygen transport was allowed across the cylin- 
der ends. The only cathodic reaction assumed was oxygen reduction 

02 + 2H20 + 4e --~ 4OH (1) 

This reaction was assumed to take place at every point of the rebar surface at a rate given 
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by the Butler-Volmer equation (concentration dependence included), with the additional 
assumption that the local potential is greatly removed from the equilibrium potential 

ic = io(CffCo)exp[(2.3/bc)(E - Eo)] (2) 

(see the Nomenclature section for each symbol and appropriate sign convention). For 
simplicity, the parameters io and Eo were taken to be the same, regardless of whether the 
reaction was occurring on active or passive steel surface. 

The only anodic reaction present was assumed to be iron dissolution, subject only to 
activation polarization. Unlike the cathodic reaction, iron dissolution was restricted only 
to the active portion of the bar. As in the case of oxygen reduction, the operating potential 
was assumed to be far enough removed from the equilibrium potential to neglect reverse 
reactions 

Fe ~ Fe § + + 2e- (3) 

i~ = ioa exp[(2.3/ba)(Eo, - E)] (4) 

Oxygen transport through the concrete was allowed to proceed by diffusion only. For 
the initial calculation, it was assumed that by the time the impedance measurements were 
started the system had achieved a steady state diffusional and electrochemical regime. 
Since the electrical conductivity was constant across the electrolyte, the electrical poten- 
tial in the concrete satisfied Laplace's equation 

V2E = 0 (5) 

Likewise, because of steady state and uniform diffusivity, at every point of the concrete 
the oxygen concentration satisfied Laplace's equation 

V2C = 0 (6) 

At the steel surface the current supply across the electrolyte must match the net electro- 
chemical action 

i, + ic = tr dE/dn  I . . . .  I (7) 
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and the oxygen supply in turn needs to equal the amount consumed by the cathodic 
reaction 

i~ = 4FD dC[dnlmeta, (8) 

The remaining boundary conditions were provided by the absence of oxygen transport 
at the cylinder ends and constant concentration at the sides 

dC/dn[r = 0 (9) 

C = Colside~ (10) 

The conditions expressed in Eqs 1 through 10 were formulated as difference equations 
based on nodes placed on a longitudinal section of the cylinder, representing the concrete 
cover over the bar. A matrix of 81 nodes on the axial direction by five nodes on the radial 
direction was used. The active central rebar region consisted of four nodes. 

The difference equations were formulated to account for cylindrical symmetry along the 
main axis, thus obtaining full spacial simulation. The equations were solved by means of a 
Gauss-Seidel iterative method. For  each internal node of the system and at each iteration 
step, the new value of C was obtained from the surrounding values of the previous 
iteration by Eq 6. The same procedure was used for E using Eq 5 in the same step. At the 
appropriate boundaries Eqs 2, 4, and 7-8  were applied consecutively at each node during 
the same step to obtain the new node values. Similar procedures were used for Eqs 9-10. 
The iteration process was stopped when the difference between consecutive steps fell 
below a preestablished error limit for E. 

dc Polarization Conditions, System with External Electrode 

A wrap-around counter electrode was considered to be placed around the central 
portion of  the cylinder. The following variables were considered: 

(1) Electrode size CE (Small, equal in length to the active region of the bar underneath, 
CE = A; and Large, the full length of the concrete cylinder, CE = L). 

(2) Electrode polarizability (nonpolarizable electrode material; and polarizable elec- 
t rode with various degrees of polarizability). 

The electrode size was implemented by assigning additional boundary conditions to the 
appropriate number of nodes on the external concrete surface. 

The nonpolarizable electrode condition was intended to approach the case where coun- 
ter electrodes are made of  materials (such as platinum mesh) that promote high exchange 
current densities of the operating electroactive species. The difference in potential be- 
tween an ideal nonpolarizable electrode and the surrounding electrolyte is by definition not 
changed by currents sinking in or emerging from the electrode surface. Thus, the electro- 
lyte region in direct contact  with the electrode will be an equipotential surface where 

E = E*E (11) 

Note that E*E is the potential in the electrolyte next to the counter electrode, measured 
with respect to the rebar. The material of the counter electrode will have a potential Ece 
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with respect  to the rebar which could be measured externally. However,  it is the magni- 
tude of E*e that determines the polarization condition of the rebar surface. 

The problem was solved for the case of open circuit EIS measurements, where the 
counter electrode does not introduce a net dc current in the rebar. The corresponding 
value of E*e was calculated by proposing a seed value and computing the potential- 
concentration distribution satisfying Eqs 1 through 11 for the entire bar-counter electrode 
system. The computation used the same methods as for the initial system. From the 
solution, the resulting net current flowing in or out of the rebar was calculated, using Eq 7 
and integrating the current over the rebar surface. The initial E*E estimate was then 
changed in successive trials until a value was reached that resulted in a net bar  current 
differing from zero by less than a preset  target value. 

The polarizable electrode condition was addressed as an approximation to a more general 
counter electrode behavior. Several degrees of electrode polarizability were considered. 
For  convenience, the first set of counter electrode polarization characteristics were chosen 
to be equal to that of  the bar material in the active condition. 

To solve this problem, Eqs 6 through 8 and 10 were adapted to represent boundary 
conditions for the points corresponding to the counter electrode position. Eq 11 is no 
longer valid for a polarizable electrode, since the potential in the immediate liquid environ- 
ment may vary from point to point. The polarization of the counter electrode may be 
described by equations such as Eqs 2 and 4 but those, as written, are for a metal that is at 
the same potential as the rebar. Since the counter electrode will develop its own potential 
Ece with respect  to the rebar, the polarization equations for the counter electrode must be 
modified accordingly 

ic = io(Cs/Co)exp[(2.3/bc)(E - Eo - Ece)] (12) 

ia = ioa exp[(2.3/b,)(Eo, - E + Ece)] (13) 

The pertinent equations were solved as in the previous case, this time adjusting the 
value of Ece in successive steps until a null in net bar current was obtained. 

Two other polarizable counter electrode cases were considered, by replacing io and io, in 
Eqs 12 and 13 with io/100 and ioa/lO0 in one case, and with io/1000 and ioa/lO00 in the other. 

A C  Polarization 

For these calculations, an embedded reference electrode was assumed to be positioned 
at a point just  below the counter electrode, at equal distance from both cylinder ends. The 
rebar acted as the working electrode. The excitation current for the impedance measure- 
ments was driven through the counter electrode. 

The system's  longitudinal cross-section was represented by an equivalent circuit grid as 
shown in Fig. 2. The grid corresponding to the bulk of the concrete was purely resistive, 
consisting of a matrix of 4 resistors in the radial direction by 80 in the longitudinal 
direction. The values of the resistors were scaled consistent with the system dimensions, 
the resistivity of the concrete,  and the plane-to-cylindrical mapping requirement. 

The bar surface was represented by discrete impedance elements that terminated the 
grid into the ground bus. The impedance of each surface element is a function of the dc 
polarization currents flowing to the element, the mass transport conditions at the element 
and their coupling with the rest of the system, and non-Faradaic terms such as interfacial 
capacitances. A full treatment of the system (cylindrical geometry, oxygen transport in 
both radial and longitudinal directions) cannot be addressed within the scope of this paper. 
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FIG. 2--Equivalent  circuit grid to calculate the impedance response o f  the system. The 
impedances Zel o f  rebar or counter electrode surface elements are a function o f  the local 
dc current and o f  the test frequency.  The resistances R are a function o f  position and 
concrete resistivity. The two-dimensional network is scaled for  cylindrical symmetry.  

Instead, the impedance of individual elements was approximated by the available solution 
of the unidimensional problem for a discrete mixed-potential electrode. The approxima- 
tion, detailed in Refs 14 through 16, assumes an activation-limited anodic reaction and a 
combined activation-concentration controlled cathodic reaction. The reaction rates are Ia 
and Ic, respectively. It is the limiting current density for the cathodic reaction, which 
involves the diffusion of oxygen across a distance d. Under those conditions, the imped- 
ance of  the element is given by the parallel combination of Faradaic impedances corre- 
sponding to the anodic and the cathodic reactions (Zsa and Zsc, respectively), and a non- 
Faradaic interfacial capacitance term (Ci,t) 

gel = (Zfa 1 A- Z ~ '  A- jtoCint)-I (14) 

where 

Zfa = Ra,  (15) 

Z~r = Rc + We, (16) 

and 

Ra = bJY.3 Ia, (17) 

Rc = bJY.3 I~, (18) 

Wc = [bJY.3(I~ - Ic]tanh X/j-~/~/ju, (19) 

with 

u = to dY/D (20) 
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Following the treatment used in Ref 13, the diffusion distance was approximated by the 
cylindrical equivalent 

d = a ln(b/a) (21) 

In the same manner [13], 

it = 4 F C f l ) / d  (22) 

From the values of ia and ic obtained in the dc calculations, the magnitudes la and/~  
were evaluated for each surface element of  the rebar. These magnitudes were used in turn 
to calculate, by means of Eqs 14 through 22, the impedance of each element at each 
frequency. 

The counter electrode was joined to the nodes at the outer surface of the concrete, over 
the appropriate length, by suitable impedance elements. The polarizable counter electrode 
surface was modeled in a manner similar to that of the bar, except that no diffusional 
impedance term existed since the oxygen concentration was fixed at the counter electrode 
placement. The nonpolarizable electrode presents no impedance. That interface was 
represented by very small value resistors (1 f~ per element) to facilitate current computa- 
tion. 

The ac excitation signal was applied between the counter electrode and the bar by the ac 
voltage source Vs. The complex potential at the reference electrode node (Vr) was divided 
by the total complex current delivered by the voltage source (Is), to obtain the complex 
impedance at each test frequency. 

Node equations were written for each point of the network. This was done by establish- 
ing zero balance of current for the node, per the neighboring potential nodes and inter- 
vening impedance values. This produced a system of 405 equations, solved by a package 
matrix program (MATLAB) using a STARDENT computer. The resulting complex poten- 
tials at each node were used for impedance calculation as previously indicated. 

TABLE l - - S y s t e m  dimensions and calculation parameters. 

L (cm) 101.6 
2b (cm) 9.525 
2a (cm) 1.905 
A (cm) 6.35 
CE (cm) 

short 6.35 
long 101.6 

Co (mol/cm 3 (• 10-7)) 3 
D (cm2/s (• 10-4)) 1 
p (l~-cm ( • 104)) 1 
Eoa (mY SEE) 780 
Eo (mV SCE) - 160 
io (A/cm 2) 1 x l0 -9 
ioo (A/cm z) 3 x 10 -~ 
bc (mV) 160 
b a (mV) 60 
Cint sp (~ F/cm2) 100 

NOTE: Potentials are given with respect to the steel bar. 
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Results 

System Configuration 

Table 1 lists the system dimensions and polarization parameters used in the calculations. 
The bar dimensions and concrete cover are representative of those encountered in com- 
mon construction practice. The concrete resistivity value assumed is consistent with that 
of concrete in contact with a humid environment [17]. The oxygen concentration at the 
external surface and the oxygen diffusion coefficient should be viewed as effective magni- 
tudes, consistent with the general range of values reported in the literature [18,19]. In 
actuality, the heterogeneous nature of concrete and the geometry of its pore network pose 
a complex transport problem [20] that is only roughly approximated by the present treat- 
ment. The polarization parameters are representative of the range commonly observed for 
steel in concrete [2,13]. 

DC Calculations (see Table 2 for  a summary o f  results) 

Figure 3a shows the potential distribution at the bar surface for the initial (base) case 
where no external counter electrode is present. The active and passive regions are dis- 
tinctly separated. As expected, the potential in the cathodic region decays with increasing 
distance from the anode. The same figure shows the potential distribution at the external 
surface of the concrete, where similar trends are observed but with less abrupt changes 
with position. Figure 4 shows the corresponding current (heretofore referred to as a 
macrocell current) density entering the electrolyte at the rebar surface. The active region 
behaves as a net anode, while the passive region is a net cathode. The macrocell current 
density has, as expected, its greatest magnitude at the junction of the cathodic with the 
anodic region, and magnitude minima at the center of the anodic region and at the ends of 
the cylinder. 

Integration of the macrocell current density over the surface of the active region yielded 
a total macrocell current (/mac) value of 320 txA. A very similar value (typically within 1%), 
but with opposite sign, was obtained for the passive zone. This match (a consequence of 
charge conservation implicit in Eq 5), was used as a secondary check of the calculation 
accuracy. 

The corrosion rate at points of the active region can be obtained from the potential 
distribution and application of Eq 4. Integration of that current density over the active 
surface yielded a total corrosion current (Icorr) of 550 p~A. A matching value was obtained 

TABLE 2--Summary of calculated results. 

Counter Electrode 

~r /mac E~E Ecp Rapp lapp 
Case Size Polarizability (p~A) (IxA) lm,c]lco ~ (mY) (mV) (f~) (p~A) lapJlcorr 

Base - -  - -  550 320 0.58 . . . . .  
SNP Short nonpolarizable 560 320 0.57 514 - -  62 420 0.75 
SP Short same as active bar 560 320 0.57 - -  -75 - -  - -  - -  
LNP Long nonpolarizable 860 620 0.72 356 - -  80 325 0.38 
LNPO* Long nonpolarizable 830 630 0.76 351 . . . .  
LP1 Long same as active bar 860 620 0.72 - -  -232 80 325 0.38 
LP2 Long 1/100 as LP1 760 520 0.68 - -  -248 70 370 0.49 
LP3 Long 1/1000 as LP1 640 403 0.62 - -  -279 80 325 0.38 

*Using oxygen concentration distribution from the base case. 
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tive; anodic currents are negative. 

by integrating the cathodic current density (Eq 2) over the entire bar surface. This agree- 
ment of anodic and cathodic overall rates provided an additional secondary check of 
computation accuracy. As expected, the corrosion current exceeded the macrocell current 
since the latter did not account for the local cell action at the active region. 

Figure 5 shows the oxygen concentration profile in the concrete at the rebar surface. 
The oxygen demand at the active bar region is clearly evidenced by the lowering of the 
oxygen concentration there to about one tenth of the value at the concrete surface. 
Integration of the oxygen consumption rate per Eq 8 yielded a value coincident with the 
overall corrosion rate evaluated earlier. In addition, the computed oxygen flux across the 
external concrete surface matched that consumed at the bar surface. These checks further 
confirmed the solution as self-consistent. 

Computation of the small, nonpolarizable electrode case resulted in potentials and 
currents at the bar surface that were almost identical to those obtained in the base case. 
The potential distribution at the concrete surface closely matched that of the base case, 
except for the counter electrode region. The potential there is constant,  as per Eq 11. The 
condition of zero net current at the bar was reached for E*E = 514 mV. The oxygen 
concentration distribution was virtually the same as that shown in Fig. 5 for the base case. 

The long, nonpolarizable electrode problem produced results that differed significantly 
from the base case or the short nonpolarizable electrode case. The magnitude E*e was 356 
mV. As shown in Fig. 3b, the potential at the concrete in contact with most of the passive 
rebar region was dominated by the conditions near the counter electrode. The potential 
next to the active portion of the rebar was about 10 mV less in magnitude than that in the 
base or short electrode cases. This enhanced the overall extent of both the macrocell and 
corrosion currents, which were now 620 I~A and 860 I~A, respectively. Figure 4 shows the 
corresponding macrocell  current distribution, allowing comparison with the base and short 
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FIG.  5--Effective oxygen concentration at the rebar surface with (dashed line) and 
without (solid line) a nonpolarizable long counter electrode in place. 

electrode cases. The macrocell  current density has increased over the entire active region. 
On the passive region, the cathodic reaction rate actually decreased near the active portion 
but increased further away. 

Figure 5 shows the oxygen concentration distribution for the long, nonpolarizable elec- 
trode case. Oxygen depletion was less than in the previous cases at or near the active 
region of the bar, but more pronounced than before over the rest of the bar surface. 

In impedance measurements for diagnostic purposes of structures, the counter electrode 
is expected to be placed on the surface of the concrete for short times (minutes-hours).  
Characteristic relaxation times for the oxygen concentration patterns could be on the 
order of days -weeks  because of the slow oxygen diffusivity and typical system dimen- 
sions. As a result, evaluation of the short-term effect of placing an external counter 
electrode on the polarization distribution of the system is of interest. This evaluation was 
approached by inspecting the case of a long, nonpolarizable electrode on the surface of the 
specimen, but keeping the oxygen concentration distribution equal to that of the base case. 
The resulting potentials and current distributions, as well as the integrated currents (Table 
2), did not differ substantially from the steady state case. 

Figure 6 summarizes the results of calculating Icor~ and/mac for long electrodes of various 
polarizabilities. The results for finite polarizability fall between the nonpolarizable limit 
(highest currents) and infinite polarizability (in effect, the base case with no counter 
electrode applied). 

EIS Calculations 

An example of the calculated magnitude of the specific impedance (f/-cm 2) along the 
rebar surface is shown in Fig. 7 for the case of the long, nonpolarizable counter electrode. 
The results are shown at decade intervals for frequencies in the 10 -4 to 1 Hz range. The 
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impedance magnitude at the highest test frequency was small and relatively uniform along 
the bar surface. At progressively lower frequencies the impedance of the passive region 
became increasingly greater. This low-frequency impedance increased also with distance 
from the active portion of the rebar, reflecting the corresponding decrease in cathodic 
current density. This variation was more pronounced in the short counter electrode case, 
since there the cathodic current density changed more with axial position (see Fig. 4). The 
impedance of the active region remained small at all frequencies. 

Incorporation of the specific impedance data in the system's equivalent circuit provided 
the results shown in Fig. 8. 

The predicted impedance response for the short counter electrode cases was virtually 
the same regardless the degree of polarizability of the electrode. That result is shown in 
curve SNP in Fig. 8. Curve SNP is a noticeably depressed semicircle, with a small "tail" 
at the low frequency end corresponding to the diffusional impedance contribution in Eq 
16. Disregarding that feature, the difference between the high- and low-frequency limits of 
the real impedance is -62 IL This apparent polarization resistance R,pp (not surface area- 
normalized) can be converted into a nominal total corrosion current lapp by using the 
common Stearn-Geary approximation [21] 

I.,,p = B/R.pp (23) 

with B = 26 mV, which is a value frequently used in evaluating corrosion rate from 
electrochemical measurements in concrete [22]. Application of Eq 23 to curve SNP yielded 
a value of I,p~ = 420 ixA, which is listed in Table 2. 

The impedance results for the long electrode cases are shown by curves LNP (nonpo- 
larizable electrode), LPI, LP2 and LP3 (increasing degrees of polarizability) in Fig. 8. 
These curves, which approach ideal semicircles, had approximately the same high-fre- 
quency limit (-25 f~). Curves LNP and LP1 were virtually overlapping, and are not shown 
separately. The apparent semicircle diameter and nominal corrosion current for each 
curve are listed in Table 2. 
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FIG. 8--Calculated impedance for  various test cases. The highest test frequency is I 
Hz. Frequency markers are in Hz. SNP: short, nonpolarizable counter electrode. LNP: 
long, nonpolarizable counter electrode. LP1-LP3 : increasing long electrode polarizability. 
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Discussion 

The potential and current distributions observed for the base case followed expected 
trends that have been discussed elsewhere [13] (the reader is cautioned to keep in mind the 
potential sign convention used in this paper). The effect of the central anodic portion of the 
bar is to create there a potential extreme at the electrolyte in direct contact with the bar. 
As a result of the finite conductivity of the concrete, the associated macrocell current 
decays with distance from the anodic region, and the cathodic surface becomes conse- 
quently less polarized. The effect is still quite significant at the external concrete surface 
(Fig. 3a), illustrating the concept of corrosion detection by means of half-cell potential 
surveys of reinforced concrete structures (ASTM C 876, Test Method for Half-Cell Poten- 
tials of Uncoated Reinforcing Steel in Concrete). The magnitude of the macrocell and 
corrosion currents fell within the range expected for corroding reinforced concrete sys- 
tems of comparable dimensions [1,3,13]. 

Application of the short counter electrode caused little change on the overall dc poten- 
tial and current distribution. This is expected since the dimension of the electrode is small 
compared with the characteristic macrocell distance. Consequently, the polarizability of 
the short electrode is also of little effect. 

As shown in Fig. 6, the presence of the counter electrode increased the corrosion and 
macroceU current magnitudes. The extent of the increment varied between the two ex- 
tremes of infinite polarizability (effectively no counter electrode and therefore no effect), 
and the nonpolarizable electrode case which produced the greatest increase. The long 
counter electrode acted as a partial short circuit for the macrocell currents, reducing the 
effect of  the intervening concrete resistance and allowing for greater oxygen consumption 
at the portions of the bar further away from the active region. This was manifested by a 
somewhat lower oxygen concentration at the surface of the bar than in the base or short 
counter electrode cases (Fig. 5). 

Mathematically, the effect of placing a large, nonpolarizable electrode is not unexpec- 
ted. The counter electrode represents a substantial change in the boundary conditions on 
the potential at the outer surface, i.e., instead of a condition of no current flow, the 
counter electrode forces a constant potential at the surface. As a result, the magnitudes of 
the macrocell currents change to adjust for the new conditions. 

The high-frequency specific impedance of the bar surface (Fig. 7) was generally domi- 
nated by its interfacial capacitance. The assumed value of the specific interfacial capaci- 
tance f in  t sp (100 ~F/cm 2 [10]), which was the same at all points of the bar surface, resulted 
in a capacitive impedance of about 1 kl2-cm 2 at 1 Hz. The corresponding admittance 
overshadowed that of the Faradaic reactions at the same frequency in the passive region. 
At the active region the overall specific impedance was also on the order of 1 k~-cm 2, so 
that relatively little difference existed at high frequency between the active and passive 
portions of the bar. At lower frequencies the admittance of the interfacial capacitance 
became increasingly less important, and the impedance was determined by the Faradaic 
terms. At the lowest test frequency (0.1 mHz) the specific impedance over much of the 
passive region was almost two orders of magnitude greater than that of the active region. 
The impedance disparity between both regions was due primarily to differences in the dc 
current densities. The specific impedances were dominated by activation terms. Applica- 
tion of Eq 19 showed that, although there is significant oxygen depletion at points near the 
bar surface (see Fig. 5), the magnitude of Wc remains small compared with Rc in the 
frequency regime investigated. 

The high-impedance limit in the long electrode curves in Fig. 8 was the same, regardless 
of electrode polarizability, because at that limit interfacial impedances are very small (see 
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Fig. 7). Therefore, the impedance of the system approached the resistance between the 
inner and outer walls of a homogeneous cylinder 

R = ln(b/a)/2~rL~r (24) 

which for the parameters chosen in Table 1 results in R = 25.21 1), in close agreement with 
Fig. 8. For the short electrode the high-frequency limit was also nearly independent of the 
degree of polarizability for the same reason. However, the numeric value is not amenable 
to simple analytical prediction because of the more complicated current distribution. 
Nevertheless, the high-frequency limit was expected (and observed) to be higher than in 
the long electrode case because of the much reduced effective conductive path. 

The relatively small magnitude of Wc permitted treating the low-frequency results as 
simply converging toward a real impedance limit. At this limit the current distribution was 
by no means uniform, since the specific impedance of the active region was much greater 
than that of the passive region (Fig. 7) and the overall interfacial impedance magnitude was 
comparable to the effective overall electrolyte resistance. This is illustrated by the calcula- 
tions for the case of  the long, nonpolarizable electrode in Fig. 9. The resulting low- 
frequency current constriction near the active zone causes its admittance to be un- 
derrepresented [13,23]. Since the effect was not present at the high-frequency end, then 
the Rapp value (diameter of the apparent semicircle) was greater than that which would 
have been obtained with a mixed-potential electrode (of equal total corrosion current) 
uniformly distributed along the entire bar surface. This accounts for the consistent under- 
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FIG. 9--Differences between the ac signal distribution pattern at high and low frequen- 
cies, illustrated for the case of  the long, nonpolarizable, counter electrode. The diagrams 
show equipotential (effective voltage) lines at 1 Hz (top) and 0.1 mHz (bottom). The lines 
are placed at 1 mV intervals; potential at the external surface was 10 inV. The top and 
bottom lines of  each graph corresponds to the external (counter electrode) and rebar 
surfaces respectively. The vertical axis shows the position of radial nodes 1 to 5. The 
horizontal axis shows axial nodes 1 to 81. The aspect ratio has been modified for clarity. 
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estimation of corrosion current for the cases listed in Table 2. It should be noted that while 
the value of B used here (26 mV) is primarily an empirical magnitude [22], it also may be 
viewed as representing a system where an anodic reaction with Tafel slope ba = 26 x 2.3 
mV = 60 mV is subject to activation control, while the matching cathodic reaction is 
under complete diffusional control [21]. For the system considered here, where oxygen 
diffusion exerts relatively little polarization control, a more appropriate nominal value for 
B should have been ba x bJ2.3(ba + be) = 19 mV [4,21]. That would have led to even 
greater underestimation of the corrosion current. 

Aside from an increase in effective electrolyte resistance, the short counter electrode 
impedance diagram shows greater distortion from an ideal semicircular shape than that 
observed when using a long electrode. This distortion stems from current distribution 
inequality along the bar, since the excitation signal needs to travel along increasing con- 
crete distances to excite points at the bar which are remote from the center. At the high- 
frequency limit, this behavior resembles a transmission line with distributed resistance and 
capacitance. Simplified modeling of this type of system predicts that the high-frequency 
portion of  the Nyquist diagram approaches the real axis at an angle of 45 ~ [5,24]. This 
corresponded roughly to the observed behavior, accounting partially for the observed 
semicircular depression. The active-passive current distribution effect, prevalent at the 
low frequencies, caused additional distortion in both the short and long electrode cases. 

The changes in the impedance response when varying the long electrode polarizability 
(curves LNP, LPI-3) were relatively small, and did not show a correlation with the 
corresponding changes in corrosion current. Examination of the spacial signal distribution 
in those cases revealed significant variation with counter electrode polarizability. This 
variation is linked to changes in the impedance distribution along the surface of the 
counter electrode. As shown in Fig. 10, the specific impedance along the counter electrode 
in case LP1 (low polarizability) was small and relatively uniform. As the polarizability 
increased (LP2, LP3), the specific impedance (at .0001 Hz) increased and its distribution 
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FIG. lO--Specific impedance along the surface of counter electrodes of various polariz- 
abilities at .0001 Hz. 
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became more complicated. In case LP3, there is an absolute minimum of the counter 
electrode impedance at the point where the reference electrode is placed (X/L = 0.5). In 
case LP2 the minimum is local but not absolute. These conditions affected the overall 
current distribution (and thus the measured impedance response) in a manner that was not 
subject to prediction by simple trends. 

The calculations presented in this paper predict that the placement of external counter 
electrodes can cause an increase in the overall rate of  metal dissolution of  steel in 
concrete. However ,  the calculated increase is moderate and the electrochemical imped- 
ance response is not expected to be excessively altered by the placement of the external 
electrode. This encouraging conclusion should be subjected to experimental confirmation. 

The results did indicate the possibility of significantly underestimating corrosion rates 
due to frequency-dependent excitation current distribution. Calculations addressing in 
detail these effects in counter-guard electrode systems will be presented elsewhere. 

Conclusions 

(1) Counter electrode placement on the surface of a model reinforced concrete system 
resulted in moderate increases in the rate of corrosion and corrosion macrocell 
action. The increase results from an effective reduction in the net resistance be- 
tween cathodic and anodic regions. Predictably, the effect became smaller with 
increasing counter electrode polarizability. Short counter electrodes, comparable in 
size with the active portion of the steel, had negligible effect on the corrosion 
distribution. 

(2) The impedance spectrum obtained using a long external counter electrode showed 
smaller apparent  electrolyte resistance values than when using a short electrode. 
The apparent polarization resistances were about the same for both types of elec- 
trodes, resulting in nominal corrosion currents insensitive to the electrode configu- 
ration. 

(3) The nominal corrosion currents nevertheless consistently underestimated the val- 
ues found in the dc model. AC current constriction around the actively corroding 
region of the rebar accounted for this effect. 
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DISCUSSION 

H. Takenouti 1 (written discussion)--The calculation of current and potential distribution 
seemed to be performed by a two-dimensional matrix according to your figure. However, 
if this calculation gives a good qualitative approach to the problem, it cannot draw a 
quantitative conclusion, because the local current density is quite different on two- and 
three-dimensional systems. 

S. C. Kranc and A. A. Sagi~s  (authors' closure)--The computational grid is based on a 
two-dimensional axisymmetric radial coordinate system. The Laplace equations for the 
electric potential and the oxygen concentration, as well as the boundary conditions, are 
written in the appropriate polar form. Similar scaling criteria are used for the equivalent 
circuit grid. Thus, the quantitative aspects of a three-dimensional axisymmetric system are 
preserved. We have recently made some calculations, which include angular dependence, 
to further clarify the conditions surrounding very localized, asymmetric corrosion condi- 
tions. 

~UPRI5 DU CNRS, Physique des Liquides et Electrochimie, 75252 Paris Cedex 05, France. 
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ABSTRACT The premature deterioration of concrete structures due to corrosion of the steel 
reinforcement is often a major problem in civil engineering. Polarization and electrochemical 
impedance spectroscopy can be used to study the development of passivity and corrosion 
mechanisms, and assess electrochemical kinetics on the steel reinforcement. However, in- 
situ corrosion rate measurements on reinforcing steel in laboratory test cubes, or structures 
on-site, are not always easy to obtain with either dc or ac techniques. This is because it is 
often virtually impossible to measure polarization resistance (Rp) at zero frequency or even 
measure the charge transfer resistance (R,) due to the large diffusion components associated 
with the overall mechanisms. 

This paper discusses the implementation of harmonic analysis as a corrosion rate measure- 
ment technique on laboratory concrete specimens prepared with and without the addition of 
sodium chloride to the mix. The analysis technique, which is an extension of electrochemical 
impedance, is rapid to use. Harmonic analysis also has the advantage over other electro- 
chemical measurements in that it enables the corrosion rate to be determined by simulta- 
neous determination of the corrosion current and evaluation of Tafel constants. The data 
showed that there was a good agreement between the corrosion rates and the corresponding 
corrosion potentials. 

KEYWORDS: concrete, corrosion potential, corrosion rate, chloride, Tafel slopes, Stern- 
Geary constant, electrochemical impedance spectroscopy (EIS), harmonic analysis 

Steel in Concrete  

It is well-known that steel embedded in concrete is normally protected because of the 
high alkaline environment (a pore solution of pH = 13) produced by the hydration (setting/ 
curing) process, which induces the formation of a protective passive film of iron oxide 
(3,-Fe203) on the surface of the steel [1]. However, concrete is permeable; it contains not 
only aqueous filled pores, but also pores and cracks which permit the diffusion of atmo- 
spheric oxygen required to maintain passivity. The porous structure also enables 
depassivation and corrosion to occur due to carbonation or attack by aggressive ions such 
as chloride, or both [2,3]. The conjoint action of carbonation (the ingress of atmospheric 
carbon dioxide and conversion of calcium hydroxide to calcium carbonate with a decrease 
of pH) and the presence of chloride is particularly detrimental. 

The quality of concrete, determined by parameters such as permeability, water/cement 
ratio, and electrical resistivity, affect the ability of concrete to resist depassivation of the 

1Senior project officer, senior consultant, and technical developments manager, respectively, 
CAPCIS Ltd., Manchester M1 2PW, U.K. 
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oxide film. The chloride/hydroxyl ion ratio is often significant; also, the fact that concrete 
is permeable makes the depth of cover over the reinforcement an important factor in 
controlling chloride ingress and carbonation. 

Once local depassivation occurs, a corrosion cell is formed with the passive areas acting 
as the cathode. The volumetric increase due to the formation of corrosion products 
eventually produces stresses in the concrete cover which ultimately leads to cracking, 
delamination, and spalling. 

Electrochemical Measurements 

Electrochemical techniques can provide information on the condition of the reinforce- 
ment (isopotential mapping to determine active or passive regions), the identification of 
pitting (electrochemical noise), and the corrosion rate at the time of the measurement. A 
number of reviews of these methods, including on-site applications and limitations, are 
available in the literature [4-8]. 

One of the main advantages of electrochemical measurements is that they they are 
nondestructive, which is important particularly on-site when structural integrity is of 
concern. These techniques are relatively easy and quick to perform and provide informa- 
tion on the evolution of corrosion with time; they are also less time consuming for 
laboratory work compared with traditional weight-loss measurements. 

The earliest reported electrochemical impedance data on steel in concrete in 1979 
showed the evaluation of the impedance from a typically aqueous corrosion system during 
setting and curing with distinct charge transfer and diffusion components, to an essentially 
passive system as the protective film develops and the hydration proceeds with develop- 
ment of the porous concrete structure [9]. It should be noted that although the electro- 
chemical response for steel in concrete is comparable with measurements in other aqueous 
systems it also has some significant differences [10], in particular, the importance of slow 
diffusion of oxygen through the concrete matrix, the effect of the solid calcium hydroxide 
(portlandite) layer at the steel/concrete interface (which gives rise to a film dielectric 
component) and the concrete dielectric. 

Figure 1 illustrates typical electrochemical impedance complex plane plots for steel in 
concrete and Fig. 2 shows equivalent circuits developed to describe experimental plots 
[11,13-17]. The electrochemical response of steel in concrete was first described [11] by a 
Randel's type equivalent circuit (charge transfer resistance, R, ,  double layer capacitance, 
Cat, Warbung diffusion, W, and a solution resistance, R,) but with the incorporation of a 
series/parellel combination Rs, Cs to represent the dielectric film effect. The high-fre- 
quency dielectric (R s, C s) increases as concrete dries and can be particularly pronounced 
in polymer-modified concrete or repair mortars [13]. This is presumed to be the result of a 
decrease in the dielectric constant of the "bound" water as the gel structure becomes 
more predominant due to the loss of "free" water. Wenger demonstrated that this high- 
frequency arc, which appears two or three months after curing, is independent of electro- 
chemical reactions and is likely to be solid calcium hydroxide precipitated as a thin film on 
the steel [14]. 

Wenger considers that the charge transfer resistance (Re,) is in series with an adsorbed 
reaction intermediate (R s, C s in Fig. 2b) but with passivation this adsorbed intermediate is 
not observed [12]. A circuit similar to Fig. 2a was used by Newton and Sykes [15] but with 
a second high-frequency relaxation from the concrete (Rc, Cc in Fig. 2c), and with the 
diffusion term not required during passivity. However, Andrade et al. [16,17] have em- 
ployed a parallel combination (Fig. 2d) rather than a series combination, and they incorpo- 
rate the dielectric effects in a high-frequency response (RHv, CHv). Noggerath and Bohni 
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[18] have simulated the development of macrocells which combine different areas of active 
pits in a passive surface with particular emphasis on the ohmic and geometric effects. A 
common theme is the measurement of the charge transfer resistance, R , ,  (sometimes 
referred to by some authors as the polarization resistance, Rp). A true polarization resist- 
ance (zero frequency measurement) would incorporate the charge transfer resistance, the 
lime-rich dielectric film resistance (Rs), concrete dielectric (Re), plus any other relaxations 
that are present, possibly absorbed intermediates or diffusion in the case of active corro- 
sion, or both. 

Corrosion Rate Evaluations 

A practical concern with steel in concrete is the determination of corrosion rates. Most 
techniques use the Stern-Geary relationship [19], which is based on the steady state, or 
zero frequency, measurement of the polarization resistance, Rp 

i~o,-r = B/Rp (1) 

where the Stern-Geary constant B - babe 
2.303(ba + b~) 

(2) 

b,, bc are the anodic and cathodic Tafel slopes, respectively. Practical Rp measurements 
may include diffusion (Warburg) and adsorption (pseudo-resistance) components as illus- 
trated in Figs. 1 and 2; note that the impedance does not always return to the real axis, 
even at very low frequencies (few mHz). An alternative and standard method is to use the 
charge transfer resistance R ,  instead of Rp [20,21]. This not only allows measurements to 
be made at higher frequencies but, because any adsorption of intermediates and diffusion 
processes are coupled to the charge transfer, it enables the corrosion rate to be determined 
from 

ir = B'/Rct (3 )  

Appropriate values of b" and b'c, required to evaluate B' (in the form of Eq 2), may be 
obtained from the slope of graphs of log 1~Re, versus E as analogous polarization curves; 
alternatively, b', and b" can be predicted by theoretical consideration of the electron 
transfer process, as developed by Bockris et al. [22,23]. 

Evaluation of R ,  can also be achieved by simulation and use of an appropriate equiva- 
lent circuit. Values of  the components in the equivalent circuit are adjusted until the 
simulated curve fits the experimental plot [11]; the value of Re, in the simulation is then 
used for the corrosion rate determination. Such a procedure is rather lengthy and not 
suitable for rapid evaluation of corrosion rates. 

An alternative procedure to ac and dc techniques entails the use of a galvanostatic pulse 
to obtain a time domain measurement. The appropriate time constant, which is related to 
the corrosion rate, is obtained from the plot of change of measured parameters versus time 
[7,15]. For an applied current step l~pp the potential, V, at time t is V, = 
I,  pp[R,[1 - e x p ( -  t/(Rc,Cd~))] + Rs], subtracting the potential readings from the final steady 
state value gives In(Vine, - V,) = In(I,p~R,) - t(RcJCdt), from which Re, can be obtained 
graphically. 

In all cases of corrosion rate measurement, the means by which the data is obtained 
must be given. In particular, with linear polarization type instrumentation, the frequency 

Copyright by ASTM Int ' l  (all  rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



388 ELECTROCHEMICAL IMPEDANCE 

of measurement,  or time interval used from the start of the perturbation, must be clearly 
stated; this indicates whether Rp or Re, is being assessed. 

A value of the Stern-Geary constant B is required for an estimate of the corrosion rate. 
The Concrete Society [24] recommends a B value of 50 mV regardless of the electrochemi- 
cal state of the steel in concrete.  Andrade et al. [25,26] have used values for B of 25 mV 
and 52 mV for steel in active and passive state, respectively, and these are based on 
weight-loss determinations used to calibrate their linear polarization measurements.  
Wenger obtained a B value of 35 mV from impedance and weight-loss calibrations [27]. 

Harmonic Analysis 

The harmonic response of  a system to a sinusoidal voltage or current perturbation has 
been of  interest to electrochemists for a number of years [28-30]. It has been used to 
assess the effect of large amplitude perturbations on increased corrosion rates [31,32], as a 
means of corrosion monitoring [33-37], for determining corrosion rates in cathodically 
protected systems [38], and for measuring steel in concrete [39]. 

The harmonic response arises from the nonlinearality of the current/potential curve, the 
nonlinearality increasing as one moves further away from the corrosion potential. Electro- 
chemical impedance spectroscopy (EIS) measurements and the Stern-Geary relationship 
assume that within a few millivolts of the corrosion potential, an approximately linear (E-t) 
relationship pertains. Impedance is concerned with the fundamental response while linear 
polarization neglects the higher terms in the series expansion used to derive the Stern- 
Geary relationship. Reflection of the sinusoidal perturbation, f ,  from the nonlinear curve 
results in faradaic distortion or harmonic responses at 2f,  3f,  4f ,  etc.,  while any nonsym- 
metry of  the E/i curve will produce a faradaic rectification response giving a dc offset or 
zeroth harmonic fo. The harmonic responses contain sufficient information to describe the 
anodic and cathodic processes (Tafel slopes) and the corrosion current; essentially, the 
fundamental and the two harmonics (2f, 3f)  provide three equations, or data sets, which 
are solved to give the three unknowns, icor, ba, and be. 

Simple analysis based on Fourier  series expansion [34-36] or Power series expansion 
[30] of the Butler-Volmer equation for the faradaic current, /farad, can be employed,  as 
below, although a more rigorous approach should use a Bessel function analysis 
[36,38,39], particularly if the data are to be developed into harmonic impedance spectros- 
copy. 

A basic appreciation is obtained by considering the current response to a voltage pertur- 
bation for an activation process 

it.,~a = i~orr (exp(AE/b.) - exp(-AE/b~))  (4) 

A series expansion, neglecting (AE) 4 and higher terms gives 

(5) 

and for a sinusoidal input of amplitude Uo 

AE = Uo sin cot; AE 2 = Ugo sin 2 o~t; ~ 3  = /_rio sin 3 tot 
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Substitution into Eq 5 gives 

ifa~.d = [o + is sin tot + i2s sin (2tot - ~r/2) + i3y sin (3tot + ~r) 

where 

389 

Solving Eqs 7, 8, and 9 gives 

ir = i} (10) 
(48)o.5(2i:i3: _ 12f):2 0.5 

A simple approach is used to calculate the anodic Tafel slope (b~) and the cathodic Tafel 
slope (be) from the amplitude Uo and the current i s and i2e. 

I f b .  < b e  

1 _ 1 ( i r  4/2:t 
ba 2Uo t7~o~ + (11) is / 

1 -  1 ( i  s _4 /2 : /  (12) 
bc 2Uo /-~o~ is~ 

or if b. > bc 

ba 2Uo ~ -  i s ! 

1 _ 1 ( i  s 4i2s/ (14) 
bc 2Uo ~ + i'-7-/ 

Practical harmonic measurements require instrumentation which produce negligible dis- 
tortion in the harmonic currents either by use of a very high purity sine wave generator or 
a means of eliminating spurious signals or both. As with any electrochemical impedance 
technique, the amplitude of the perturbation Uo should be small (less than 10 mV), and this 
is also required to minimize the error in the Taylor series expansion approximation; for Uo 
between 5 to 10 mV this error is negligible [35]. However, the second and third harmonics 

To = ~ - ~ U~o the dc or zeroth component (6) 

is=i~orr(~+~)Uoamplitudeoffundamentalorfirstharmonic (7) 

i2e = --~-- ~ - 2-ibc tgo amplitude 2nd harmonic (8) 

icorr (~3 1 )  i3s = -~-  + ~ t-rio amplitude of 3rd harmonic (9) 
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are of low amplitude and a detectable response typically requires Uo to be between 10 to 20 
mV. The effects of 10 to 100 mV perturbations on the response of steel in concrete have 
been reported which suggest that a Uo of 10 to 15 mV is reasonable [39]. 

In summary, the present work is concerned with the application of harmonic analysis, 
an alternative technique to electrochemical impedance and linear polarization to measure 
the corrosion rate of steel in concrete obtained without the use of an assumed value for the 
Stern-Geary constant B. The data are presented in the context of EIS and establish 
agreement, if any, between measured corrosion potentials and the corresponding corro- 
sion rates. 

Experimental Procedure 

Specimen Preparation 

A batch of  concrete blocks (150-mm cubes containing steel bars) was made by mixing 
cement, sand, aggregate, and water in the ratio 1:2:3 and 0.5, respectively. Two types of 
cement were used in this study, ordinary portland cement (OPC, ASTM Type 1) and 
sulphate resisting portland cement (SRPC, ASTM Type V). Two levels of sodium chloride 
additions (2% and 5%) were made by dissolving the required weight in the mixing water 
prior to mixing with other constituents. The mix design is given in Table 1. 

Each block (150 mm by 150 mm by 150 mm) contained four rust-free "as  received" mild 
steel rods used as rebars. The rods, 3-mm-diameter and 150-ram-long each, were cleaned 
using a detergent, rinsed with acetone, and dried with a blast of hot air. Then, an electrical 
wire was soldered to one end of the rod for electrical contact. Each rod and electrical 
connection was masked using heat shrinkage tubing to give an exposed surface area of 700 
mm 2. In order to overcome any problem of crevice corrosion at the steel/masking inter- 
face, the gap between the rod and heat shrinkage tubing was filled with fresh cement 
powder prior to using a heat gun to shrink the tubing onto the rod. The steel rods were 
placed with 20 mm and 40 mm depths of cover and a depth of 40 mm at each end of 
exposed steel area. 

Blank concrete blocks were prepared as before but without the addition of sodium 
chloride to the concrete mix in order to compare their performance against the chloride- 
containing specimens. All the blocks were cured in water for 28 days then placed in glass 
tanks containing 3% NaC1 solution to a depth of approximately 100 mm. 

Potential Measurements 

Electrochemical potential measurements were carried out using a portable saturated 
calomel reference electrode (SCE) placed in the 3% NaC1 solution, adjacent to the con- 
crete block, and connected to the steel rod via a high impedance voltmeter. These corro- 

TABLE 1--Quantities of constituents per I m 3. 

Cement 400 kg/m 3 
Fine aggregate 800 kg/m 3 
Coarse aggregate 1200 kg/m 3 

(max. size 20 mm) 
Water/cement ratio 0.5 
NaC1 (1) 0 kg/m 3 (0% the "blank") 

(2) 8 kg/m 3 (2% NaC1) 
(3) 20 kg/m 3 (5% NaC1) 
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sion potentials were obtained in conjunction with the electrochemical impedance and 
harmonic analysis measurements.  

Electrochemical Impedance 

Electrochemical impedance spectra were obtained from the rods embedded in the con- 
crete using a Solartron Schlumberger 1250 frequency response analyzer in conjunction 
with a Thompson 251 ministat interface and a BBC microcomputer for data control, 
acquisition, and analysis, using CAPCIS CORRSOFT IMPED software. A three-electrode 
arrangement was used, using a working electrode, a counter electrode, and an SCE placed 
in the salt solution. The counter electrode was a piece of metal oxide activated titanium 
mesh. A small amplitude (10 mV rms) sinusoidal wave was applied via the working 
electrode (rod) and the response was measured over a range of frequencies, approximately 
10 kHz to 10 mHz. The impedance data were plotted as a complex plane (Nyquist type) 
plot of real (resistive) component Z '  against imaginary (capacitive) component - jZ" ,  with 
frequency as a parameter.  

The plots enabled the estimation of the "solut ion"  resistance (R,); the charge transfer 
resistance (R,.,), polarization resistance (Rp), and the double layer capacitance Cdt could be 
evaluated in some cases by a simple extrapolation of the complex plane plots. 

Harmonic Analysis 

Harmonic analysis measurements were performed using a Solartron-Schlumberger 1250 
frequency response analyzer as before and with a 10 mV amplitude (Uo) to perturbate the 
test electrode in a similar manner as EIS. The current response was measured in terms of 
the fundamental (is), second harmonic (i2s), and third harmonic (i3s). The harmonic values 
were used in the determination of the corrosion current (icorr) by the simple calculation, 
previously described, as part of the microcomputer software. 

The corrosion rates of the test electrodes were calculated using the following equation 

Corrosion rate (txm/yr) = K ai .... (15) 
nD 

where 

a = atomic weight of the metal, 
ico~r = corrosion current density in wA/cm 2, 

n = number of  electrons, 
D = density of  the metal g/cm 3, and 
K = constant depending on the penetration rate units desired; 

for ixrrdyr, K = 3.27. 

For iron or steel: Corrosion Rate (p~m/yr) = 11.6ir 

Results 

Curing Period 

Evolution of electrochemical impedance spectra during curing of specimens of Type I 
(OPC) and Type V (SRPC) gave similar trends in that the initial and largely charge transfer 
process was converted over about a five-day period to that of passivated steel. There were 
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FIG. 3--Electrochemical impedanceofmildsteel in OPO/concrete with no chloride. 

some minor observed differences between the two types of cement, but the major differ- 
ences were between specimens with and without chloride addition. This can be seen in 
Figs. 3 and 4 which show typical impedance results from chloride-free OPC (Type I) and 
5% NaC1 addition to the mix, respectively. The data are summarized in Table 2. 

The presence of chloride decreased the measured solution resistances, presumably by 
increasing the pore water conductivities. More significantly, the chloride decreased the 
charge transfer resistances as measured after fixed times of curing. Thus, although corro- 
sion occurs initially in all cases, this slowly leads to the establishment of the passive film as 
the highly alkaline and porous structure develops during continuing hydration. The higher 
corrosion rates obtained in chloride-containing specimens are perhaps indicative of the 
competition between aggressive chloride ions and passivating hydroxyl ions. Corrosion 
rates were obtained from estimates of the charge transfer resistance, typically extrapola- 
tion of the semicircle plot to the real axis. 

Immersion Tests 

Exposure of the test blocks by partial immersion in 3% sodium chloride-containing 
solutions ensured availability of atmospheric oxygen by diffusion plus maintenance of a 
high pore solution conductivity and minimization of the film dielectric effect. The major 
experimental parameter of interest was the ingress of chloride ions from the immersion 
solution and the influence of depth of cover plus the presence of chloride in the original 
mix. 

The results obtained from blank (chloride-free) concrete specimens made with ordinary 
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port land cement  (Type I) and sulphate resisting portland cement  (Type V) showed that  the 
corros ion potentials  were  more  posi t ive than - 1 7 0  mV (versus SCE). There  was no 
not iceable  difference in the potentials  be tween  specimens with 20 mm and 40 mm depth of  
cove r  during the initial per iod of  exposure .  This was primarily due to the continuing 
presence  of  a pass ive  film and the absence  of  agressive chloride ions at the steel interface 
to initiate corrosion.  H o w e v e r ,  the ingress of  chloride ions from the immersion solution 

TABLE 2--Impedance data over first few days of curing. 

Days 

0% NaC1 2% NaCI 5% NaC1 

CR CR CR 
R, Re, (ixrn R, Re, (~m R, R ,  (~m 

(O cm 2) (kf~ cm 2) yr -l)  (f~ cm 2) (kf~ cm 2) yr -1) (~ cm 2) (kfl crn 2) yr -j)  

Type 1 (OPC) 

0 53 60 1.4 23 5.8 14 17 5 16.4 
5 335 >300 0.25 . . . . . . . . . . . . . . . . . .  
6 . . . . . . . . .  176 142 0.57 166 90 0.90 

Type V (SRPC) 

0 77 19 1.01 22 3.9 20.9 13 4.45 18.3 
5 499 253 0.32 270 179 0.45 25 57 1.43 

NOTE: with CI ' additions the Re, decreased during the first day of cure showing an increase in 
corrosion rate of 20% with Type 1 and 25% to 50% with Type V. 
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(3% NaC1) led to a slight increase in corrosion activity of the low cover (20 mm) specimens 
with time. It was difficult to estimate the values of either the charge transfer resistance 
(R,)  and corrosion rates from the electrochemical impedance data due to the passive and 
largely capacitive response obtained from these specimens. This is illustrated in Fig. 3, 
which shows a typical complex plane plot for steel in concrete without the presence of 
chloride. The response is mainly capacitive with a large time constant indicative of passive 
steel. The solution resistance (R,) values were around 400 ft cm 2. 

However ,  using the harmonic analysis technique it was possible to obtain values for the 
Tafel slopes and the corrosion rates for these "b lank"  specimens (Table 3). The calculated 
Tafel slopes (ba, be) from the "b lank"  Type I (OPC) and Type V (SRPC) specimens were 
(49 mV, 47 mV) and (54 mV, 51 mV), respectively. These values gave Stern-Geary 
constants or B values of  10.5 mV and 11.4 mV, respectively, which are significantly lower 
than the values quoted in other references. 

Figures 5, 6, and 7 show typical complex plane plots for chloride-containing concrete 
specimens after twelve months '  immersion in 3% NaC1 solution. These plots include 
depressed semicircle relaxations and Warburg diffusion impedance. In all cases the "solu- 
t ion" resistance (R,), charge transfer resistance (R,) ,  and polarization resistance (Rp) were 
significantly lower than those of chloride-free specimens, thus indicating a nonpassive 
(active) behavior of  the steel rods. However,  detailed analysis or judgment,  or both, based 
on evaluation of each data set or plot is required to obtain an estimate of the R ,  values and 
corrosion rates. 

The addition of 2% NaC1 to the concrete mix resulted in a much less capacitive behavior 
and a lower R~ between 200 and 300 l l  cm 2, due to an increase in the conductivity of the 
pore solution. Corrosion rates were significantly higher than those with no chloride addi- 
tion, indicating some breakdown of  the passive film. The high cover specimens exhibited 
corrosion rates below 14.5 I~m/yr and potentials more positive than -345  mV (versus 
SCE) for OPC (Type I), compared with corrosion rates less than 15.2 txm/yr and potentials 
more positive than - 3 7 0  mV for SRPC (Type V) specimens. The low cover specimens 
exhibited higher corrosion rates up to 270 I~m/yr for OPC and 280 ~rn/yr for SRPC and 
more negative potentials down to - 6 9 0  mV for OPC and -760  mV for SRPC. 

Harmonic analysis results exhibited trends similar to those obtained from electrochemi- 
cal impedance. The potentials obtained from OPC (Type I) specimens in the range - 2 2 0  

TABLE 3--Examples of harmonic analysis results. 

Concrete Potential Tafel 
Cover, - mV Fundamental, Second, Third, Slopes B, 

Specimen mm (SCE) V V V (ba,bc) mV 

Blank OPC-1 20 81 1.9315 0.0038 0.0035 49,47 10.5 
Blank SRPC-1 20 81 1.9473 0.0052 0.003 54,51 11.4 
2% OPC-8 20 439 6.505 0.026 0.002 130,108 23.7 
2% OPC-9 20 225 3.324 0.011 0.003 71,65 14.8 
2% SRPC-2 20 275 3.239 0.009 0.002 86,79 17.9 
2% SRPC-11 20 327 3.588 0.023 0.008 46,41 9.5 
5% OPC-1 20 545 12.613 0.015 0.007 89,85 18.9 
5% OPC-9 20 522 7.873 0.108 0.015 55,42 10.4 
5% SRPC-1 40 479 3.781 0.049 0.004 79,56 32.8 
5% SRPC-2 20 551 6.758 0.091 0.002 231,103 44.2 

*NOTE: the voltages given in this table are recorded direct from the frequency response analyzer; 
these are then converted to harmonic currents using the relevant value of the counter resistor. 
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2 0 0 0  

mV to - 6 2 0  mV (versus SCE) had corresponding corrosion rates of up to 131 txm/yr for 
specimens with 20 mm depth of cover. However,  for specimens with 40 mm cover, more 
noble potentials, - 1 2 5  mV to - 4 5 1  mV (versus SCE) and lower corrosion rates (up to 
19.8 I~m/yr) were observed. The results obtained from SRPC (Type V) specimens for the 
range - 1 6 0  mV to - 7 5 0  mV gave up to 172 ~m/yr for lower cover specimens. But 
specimens with 40 mm cover exhibited slightly more positive potentials than - 4 8 0  mV 
and lower corrosion rates (<22 i~rn/yr). The Stern-Geary constant B values for the OPC 
and SRPC specimens containing 2% NaC1 are given in Table 3. 

The results obtained from concrete specimens containing 5% NaC1 in the mix were 
similar to those obtained from 2% NaCI specimens. The increase of salt content from 2% 
to 5% did not appear to make significant changes in the resistivity of the electrolyte and the 
corrosion behavior of the embedded steel. Electrochemical impedance results showed that 
for the OPC (Type I) specimens with 20 mm cover with corrosion potentials in the range 
- 2 5 0  mV to - 6 9 0  mV (verses SCE), the estimated corrosion rates ranged from 1.2 Ixm/yr 
to 270 ixm/yr. The high cover (40-ram) specimens showed corrosion potentials and rates in 
the range - 130 mV to - 3 5 0  mV (versus SCE) and 1 i~m/yr to 40 vm/yr, respectively. The 
SRPC (Type V) specimens showed lower corrosion rates than the OPC (Type I) speci- 
mens, up to 126 I~m/yr and - 580 mV for the low cover and up to 14.5 ixm/yr and - 325 mV 
for the high cover. 

The harmonic analysis data showed that the low cover (20-mm) OPC (Type I) specimens 
exhibited active potentials, between - 1 9 0  mV and - 6 4 0  mV (versus SCE), and the 
estimated corrosion rates were in the range 1 I~m/yr to 100 ixm/yr. Whereas the high cover 
(40 mm) specimens showed potentials and corrosion rates in the range - 150 mV to - 4 9 0  
mV and 1 ~m/yr to 23 i~m/yr, respectively. For SRPC (Type V) specimens the low cover 
specimens exhibited potentials in the range - 1 9 0  mV to - 5 5 0  mV and corrosion rates 
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between 1 ixm/yr to 132 txm/yr, compared with potentials between - 140 mV to -480  mV 
and corrosion rates of 1 txm/yr to 28 txm/yr for the high cover specimens. The values of 
Stern-Geary constant B for some OPC and SRPC specimens containing 5% NaC1 are given 
in Table 3. 

Regression Analysis 

The corrosion rates obtained by electrochemical impedance and harmonic analysis and 
the corresponding corrosion potential were analyzed to determine if there was agreement 
between the two techniques. A regression analysis of the data was carried out; almost all 
data points falling within 95% confidence limits (large dashed lines) as shown in Figs. 8 to 
11 and the resulting equations are summarized in Tables 4 and 5. Figures 8 to 11 show the 
corrosion rate data plotted on a logarithmic scale versus the corrosion potentials. 

The ASTM criteria of  half cell potential regions giving low probability, uncertain, and 
high probabilities of corrosion, are also shown in Figs. 8 to 11 (see ASTM C 876, Test 
Method for Half-Cell Potentials of Uncoated Reinforcing Steel in Concrete). The ASTM 
Cu/CuSO4 potentials are converted to the SCE scale for comparison. This ASTM guideline 
was based on information from Californian bridge decks [40], but the present results show 
a linear relationship between the logarithmic values of each set of corrosion rate data and 
corresponding corrosion potentials, regardless of the type of cement, depth of cover, or 
the salt content. The ASTM criteria of a "high probability," "low probability," and 
"uncertain" region would therefore appear to be somewhat arbitrary. 

Data obtained on different bridges by Swiss workers [7] suggest that plotting corrosion 
potentials against percent cumulative frequency can be used to distinguish "act ive" and 
"passive" regions; the actual potential regions vary from bridge to bridge depending on 
the exposure conditions. 
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D i s c u s s i o n  

T h e  r e s u l t s  f r o m  th i s  s t u d y  d e m o n s t r a t e  t h a t  E I S  w a s  ab le  to  d i s c r i m i n a t e  b e t w e e n  s t e e l  

s p e c i m e n s  t h a t  w e r e  e s s e n t i a l l y  p a s s i v e  ( l a rge ly  c a p a c i t i v e  w i t h  l a rge  c h a r g e  t r a n s f e r  

r e s i s t a n c e s  a n d  a l a rge  d i f f u s i o n  i m p e d a n c e ) ,  t h o s e  w i t h  v e r y  a c t i v e  c o r r o s i o n  ( r e l a t i ve ly  

l ow  c h a r g e  t r a n s f e r  r e s i s t a n c e s  a n d  a l ow  d i f f u s i o n  i m p e d a n c e ) ,  a n d  t h o s e  o b v i o u s  in te r -  

m e d i a t e  s i t u a t i o n s .  T h e  e v o l u t i o n  o f  t h e  s p e c t r a  d u r i n g  c u r i n g  a n d  t h e  i n f l u e n c e  o f  i n c r e a s -  

ing  c o r r o s i o n  in t h e  p r e s e n c e  o f  h i g h  c h l o r i d e  a d d i t i o n s  a n d  e x p o s u r e  d i f f u s i o n  i l l u s t r a t e  

T A B L E  4--Exponential regression results from electrochemical impedance measurements. 

Exponent ia l  Correlation 
Specimen Regress ion Equat ion Coefficient 

Blank-OPC x = 0.050e ~176176 0.78 
Blank-SRPC x = 0.049e ~176176 0.77 
2% NaCI-OPC-20 m m  cover  x = 0.028e ~176176 0.85 
2% NaCI-OPC-40 m m  cover  x = 0.033e ~176 0.88 
5% NaCI-OPC-20 m m  cover  x = 0.100e ~ 1 7 6  0.91 
5% NaC1-OPC-40 m m  cover  x = 0.030e ~176 0.89 
2% NaC1-SRPC-20 m m  cover  x = 0.117e ~176 0.94 
2% NaC1-SRPC-40 m m  cover  x = 0.056e ~176 0.92 
5% NaC1-SRPC-20 m m  cover  x = 0.146e ~176 0.92 
5% NaC1-SRPC-40 m m  cover  x = 0.085e ~176 0.91 
AI1-OPC x = 0.066e ~176 0.92 
All-SRPC x = 0.049e ~176 0.94 

x = corrosion rate (fxm/yr), E = corrosion potential (mV). 
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TABLE 5--Exponential regression results from harmonic analysis measurements. 

Exponential Correlation 
Specimen Regression Equation Coefficient 

Blank-OPC x = 0 . 0 6 3 e  ~ 1 7 6  0.17 
Blank-SRPC x = 0.065e ~176176 0.31 
2% NaCI-OPC-20 mm cover x = 0.082e ~176 0.91 
2% NaC1-OPC-40 mm cover x = 0.050e ~176 0.92 
5% NaC1-OPC-20 mm cover x = 0.110e ~176 0.91 
5% NaC1-OPC-40 mm cover x = 0.092e ~176 0.90 
2% NaC1-SRPC-20 mm cover x = 0.072e ~176 0.88 
2% NaC1-SRPC-40 mm cover x = 0.053e ~176 0.88 
5% NaC1-SRPC-20 mm cover x = 0.058e ~176 0.90 
5% NaC1-SRPC-40 mm cover x = 0.096e ~176 0.89 
AU-OPC x = 0.029e ~176 0.92 
AII-SRPC x = 0.031e ~176 0.94 

x = corrosion rate (ixm/yr), E = corrosion potential (mV). 

this mechanistic approach. The basic corrosion model can be represented by a relatively 
simple equivalent circuit as shown in Fig. 2a or 2c. In some corrosion cases a clearly 
defined charge transfer and diffusion process was observed (Fig. 7). However,  in other 
cases the plots were of  a very flattened appearance (Fig. 6), indicating considerable time 
constant dispersion, probably as a result of the localized nature of the corrosion attack. 

The results also highlight the major problem with the use of EIS in that evaluating the 
corrosion rate is often difficult and sometimes impossible, a point also made by Andrade et 
al. [17]. The use of harmonic analysis provides a simple and practical means of obtaining 
corrosion rate information [39]. The frequency range of measurement must be selected to 
correspond to the charge transfer region (in the present work this was 100 mHz, 200 mHz,  
and 300 mHz for the fundamental and harmonics). This is comparable to the time domain 
measurement of a few seconds used by Newton and Sykes [15] and up to eight seconds 
employed by Elsener et al. [7] in their galvanostatic pulse determinations. It is also the 
probable reason why so called "polarization resistance" measurements have been reason- 
ably successful for corrosion monitoring of steel in concrete [8,25,26]; the linear polariza- 
tion resistance instrumentation essentially takes the measurements over a few seconds and 
evaluates the charge transfer resistance. 

A major advantage of  harmonic analysis is the determination of both the Tafel constants 
and Stern-Geary B values. In the present work a mean B value of 20 mV was obtained 
from the harmonic analysis. This compares with 26 mV given by Andrade [25,26] for linear 
polarization type measurements on active specimens and 35 mV by Wenger from imped- 
ance [27], but is lower than the 52 mV [25,26] for passive steel or the 50 mV recommended 
by the Concrete Society [24]. Literature values of  B [41] for steel in seawater and chloride 
solutions (neutral, acidic, and alkaline) are 20 - 9 mV and 22 - 10 mV, respectively, but 
increase to 38 --- 29 mV and 43 + 19 mV for inhibited waters and tap water as the steel 
becomes passive. 

The results from this study showed that the electrochemical response of the blank 
(chloride free) specimens that developed during curing was that of a passive surface. This 
is largely capacitive and the complex plane impedance does not return to the resistive 
(real) axis at low frequencies, i.e., the charge transfer resistance (Re,) and diffusion is very 
large, hence the corrosion rate is extremely low even when exposed to chloride-containing 
environments. Concrete specimens containing chloride in the original mix exhibited a 
nonpassive behavior during continued exposure with lower charge transfer resistances and 
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higher corrosion rates. The corrosion rates obtained from specimens with 20 mm concrete 
cover were found to be significantly higher than those obtained from specimens with 40 
mm cover. This was presumably due to the presence of higher concentrations of chloride 
ions at the steel from the immersion solution because of the low cover. 

The sodium chloride added to the mix had an obvious effect on the corrosion process in 
that the observed potentials were more negative with increased chloride content. How- 
ever, during the initial exposure period the corrosion rates were low, the system being 
virtually passive suggesting that the initiation of corrosion was a slow process. This may 
be due to the fact that most of the chloride added to the mix is "bound"  into the solid 
cement structure and not free to cause film breakdown on the steel. Ingress of chloride 
from the immersion solution resulted in higher corrosion rates. 

There was no significant difference in performance between SRPC (Type V) and OPC 
(Type I) specimens despite the difference in the tricalcium aluminate (C3A) content, 3% 
C3A, and 11% C3A, respectively. Of course the lower the C3A content, the lower the 
chloride binding capacity of the cement. The lack of difference in performance may be 
attributed to the high levels of chloride added to the concrete mix which were enough to 
react with most of the C3A, if not all, to form a solid compound of tricalcium chlo- 
roaluminate. 

Conclusions 

(I) EIS of steel in concrete can demonstrate the presence of a passive type film on the 
steel by the capacitive response. Specimens exhibiting chloride-induced attack have 
distinct charge transfer resistances and in some cases adsorption or a diffusion 
component,  or both, may also be observed. 

(2) Electrochemical techniques can provide information on the corrosion rate at the 
time of the measurement.  However ,  it is not always easy to obtain an estimate of 
the charge transfer resistance from electrochemical impedance data particularly 
when the system is essentially passive. 

(3) Harmonic analysis was found to be a practical and rapid technique for corrosion 
rate determination. It had the advantage over electrochemical impedance in that it 
could measure the corrosion rate and the apparent Tafel slopes from each measure- 
ment. 

(4) The Stern-Geary constant or B value obtained from harmonic analysis was 20 mV. 
(5) A regression analysis showed that there is a logarithmic relationship between corro- 

sion rates as measured by electrochemical impedance or harmonic analysis, or 
both, and the corrosion potential of steel embedded in the concrete. 

(6) The research showed that distinct regions of probability of corrosion, as determined 
by potential measurements and given in ASTM C 876, could not be detected. 

(7) The results obtained from all electrochemical measurements on steel electrodes 
embedded in concrete specimens made with ordinary portland cement (Type I) and 
sulphate resisting portland cement (Type V), with the addition of 2% and 5% NaC1 
to the mix, showed that increasing the depth of cover from 20 mm to 40 mm had a 
significant effect on reducing the corrosion rate of embedded electrodes within the 
test time interval used. This may be attributed to the later arrival of the chloride 
from the test solution. 
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Electrochemical Impedance of Coated Metal 
Undergoing Loss of Adhesion 
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ance of Coated Metal Undergoing Loss of Adhesion," Electrochemical Impedance: Analysis 
and Interpretation, ASTM STP 1188, J. R. ScuUy, D. C. Silverman, and M. W. Kendig, 
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ABSTRACT: A critical analysis of the concepts used to correlate parameters determined 
from electrochemical impedance spectra to the evaluation of the loss of adhesion of an 
organic coating from steel is made. In particular, the breakpoint method is called into 
question based on a theoretical analysis of the double layer capacitance of the coating/metal 
interface. A model for a coating undergoing disbonding about a macroscopic defect is de- 
scribed. The impedance of a fusion-bonded epoxy (FBE) pipeline coating about a large 
defect is considered in light of this model. The observations approach characteristics pre- 
dicted by the model. 

KEYWORDS: organic coatings, polymer, fusion-bonded epoxy (FBE), pipeline, breakpoint 
frequency, capacitance, cathodic disbonding 

Numerous authorities have stated that the corrosion protection of metal substrates by 
organic films may result less from the barrier properties of the coating and more with the 
maintenance of  a good adhesive bond under the chemical and electrochemical conditions 
imposed by the environment. Mayne,  for example, has pointed out that the transmission of  
water and oxygen through organic films far exceeds that required to maintain corrosion 
rates typically observed for bare metal [1]. Others have also attested to the concept that 
mass transport  of corrodents through the coating is only secondary in defining the protec- 
tive role of the coating [2,3]. Adhesion of the coating so as to block ionic paths between 
local cathodes and anodes most likely presents one of the most important roles of  organic 
coatings in providing corrosion protection. 

Background 

Intuitively, electrochemical impedance spectroscopy (EIS) provides a measure of the 
resistance of the film to ionic and aqueous transport. There is quite general agreement on 
the equivalent circuit model for organic coatings. However,  the interpretation of the 
meaning of the elements remains a subject of some debate. Much discussion has focused 
on the relationship of the coating resistance (often referred to as Rpo) to the loss of  
adhesion [4]. This theory seems to rely on the assumption that the ohmic element repre- 
senting the resistance to charge transport  across the coating, Rpo, contributes to the 
impedance of the test specimen only where disbonding has occurred, being nearly infinite 
elsewhere. A recent analysis [5] using data previously presented [6] suggests that this 

1Technical staff member, senior technical specialist, and technical staff member, respectively, 
Rockwell International Science Center, Thousand Oaks, CA 91360. 
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model is generally not correct. This is illustrated in Fig. 1 which shows the time depen- 
dence of Rpo for polybutadiene on steel pretreated in different ways, and for a free-film that 
represents by experimental design a 100% disbonded film. Extrapolating to zero time Rpo 
for all of the coatings show values within a factor of three of 1 Mfl (ca 107 ~ c m  2) (see Fig. 
1). This corresponds to an apparent bulk resistivity for the coating that is several orders of 
magnitude below that for a typical organic polymer. Hence, Rpo is governed by defects in 
the film even at initial times. The coatings on the substrates show varying decreases in Rpo 
while the completely disbonded or free-film shows no drop in Rpo. Rpo remains more or less 
constant and high for the 100% disbonded coating while Rpo for the films on the steel 
substrates decreases with exposure time. It is very difficult then to attribute the decrease 
in Rpo (or an increase in the frequency, fb that is proportional to the inverse product of the 
nearly invariant coating capacitance, Co, and Rpo) to a loss in adhesion. A logical conclu- 
sion is that the polymeric coating on a substrate becomes more transparent to ionic 
transport either as a result of chemical degradation associated with corrosion, or more 
likely by expanding the pre-existing macroscopic defects due to tensile stresses produced 
by growing corrosion product. This mechanism is summarized by the schematic in Fig. 2 
[7]. Of course, it must be recognized that the electrical properties of a free-film may or may 
not mimic a disbond on a coating where electro-osmosis, osmosis, and the buildup of 
corrosion products could locally alter Rpo of the coating. Quantification of such effects on 
Rpo is not available. Until such data become available, the free-film data in Fig. 1 cast 
doubt on, but do not disprove, the hypothesis embraced by many that Rpo relates directly 
to disbonding. 

The assumption that the impedance of the coating/metal interface is comparable to that 
of the coating capacitance except when disbonding occurs is also questionable in light of 
basic double layer theory and experimental permeation data from a paper by Ruggeri and 
Beck [8], which allow a rough estimation of the impedance of the coating/metal interface in 
the absence of disbonding or any interracial charge transport reactions. Accordingly, the 
impedance of this interface would be that of the double layer at the coating/metal interface 
and is in series with the coating impedance as shown in Fig. 4a. According to an extension 
of the Debye-Huckel theory, the reciprocal length x of the diffuse double layer produced 
by the coating/metal interface relates to the concentration of ionic species, cj of charge zj 
and the relative dielectric constant of the medium �9 according to the equation 

x = {(4~r/(eeoRT))E[zFj]} ~/2 (1) 

where �9 is the dielectric constant of free space. The capacitance of the diffuse double 
layer, C~ is then 

C~ = �9149 (2) 

For the purposes of an estimation of C~ for the coating/metal interface, recognize that 

C,~ oc (�9 1/2 (3) 

where �9 and C are the dielectric constant of the coating and the ionic concentration in the 
coating, respectively. A typical estimate of the latter can be obtained from the work of 
Ruggeri and Beck [8] as 10-4 M for a polyurethane coating equilibrated with a 0.1 M NaC1 
and the dielectric constant for polymeric resins is quite near to 2.5 [9]. Assuming the 
double layer capacitance for metals in aqueous 0.5 M NaC1 (�9 = 80) is about 20 ~F/cm 2, 
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FIG. l i T i m e  dependence for a polybutadiene coating on steel having different 

pretreatments, and for a free film. The specimens had an exposed area of 20 cm 2 and were 
exposed to 0.5 M NaCl. 

then C,~ can be estimated as 0.050 ixF/cm z. Depending on the thickness of the coating, the 
impedance of this capacitive element would be one to two orders of magnitude below that 
for the coating (which is to say C~ >> Cc). Note that there is no need to consider the 
Helmholz layer since the diffuse double layer is sufficiently large due to the low ionic 
concentration and dielectric constant of the coating. 

The impedance magnitude and phase spectra presented in Figs. 3a and b were calculated 
using the value of  0.050 ixF/cm 2 for the metal/coating capacitance, C~ and a value of 0.11 
nF/cm z for the coating capacitance, Cc (the value for a 20-1xm coating of a material with a 
relative dielectric constant,  e, of 2.5), and the model in Fig. 4a. Clearly, a breakpoint 
frequency fb, where the negative phase equals 45 ~ exists without an assumption of  
disbonding. Only if the impedance of the interface becomes comparable or high relative to 
the coating, the case for C~ < or comparable to Cc, does fo disappear as shown in the 
spectra of Figs. 3c and d. This is usually not the case, and, therefore, fb will in general be 
observed. However,  fb does not necessarily relate to disbonding, but rather its increase 
relates to a decrease in Rpo. The important point of these considerations is that disbonding 
is not required for C,~ to become much higher than Cc or for Rpo to decrease,  the result of 
which will be an increase in lb. Hence,  the dependence of Rpo on disbonding is not general, 
and its persistent use as a measure of  corrosion-induced disbonding may lead to erroneous 
conclusions. While a high fb certainly provides a very useful measure of coating degrada- 
tion, it must by no means be associated only with a loss of adhesion. 

This paper proposes a general model for the impedance of a coating undergoing adhe- 
sion loss. However ,  the main experimental focus will be on a special case where disbond- 
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FIG. 2--Schematic of the coating degradation process. 

ing propagates away from a large coating defect. For this case the breakpoint, fb, is at a 
frequency well above that for which we have experimental access. We use here an 
extension of the general model to interpret our data. 

Theoretical Model 

The circuit schematics presented in Fig. 4 represent the evolution of the impedance of 
an organic film immersed in a corrosive environment and undergoing disbonding. For no 
disbonding the resistance associated with the coating (possibly associated with ionic 
transport at defects or regions of low cross-linking [10]) shorts the coating capacitance C~. 
The RpoC~ network defining the coating impedance is in series with the capacitance C~ 
representing the capacitance of the diffuse double layer at the coating/metal interface as 
described in the previous section. No resistor representing faradaic charge transport 
shorts C~d for this case (Fig. 4a). 

Once disbonding commences, the interface undergoes hydration and corrosion starts. C,~ 
increases to Ca, the double layer capacitance for an aqueous environment and corrosion 
initiates. The faradaic charge transfer reaction associated with corrosion gives rise to a 
finite corrosion resistance Rc in parallel with Ca (Fig. 4b). If this site is highly localized, 
which it most certainly is for most coatings, then cathodic disbonding will proceed away 
from the more anodic defect. The result may be modeled by a transmission line as shown 
in Fig. 4c. When that (the ohmic resistance under the film represented by {R,i}) becomes 
sufficiently small, the elements of the transmission line can be lumped to give the model 

Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



~'~ 8 
E r 

E 7 t -  
O 

'~" 6 
N 
v 

i 

N 5 
m 

O .~  4 

3 
- 2  

80 

6 o  

40 

20 

' i i i I | | | 

5 C c - 0. I I nF/cm 2 

--% 
i. lo" " ~  2 \ 
2. lo~ ",~ - ~  
3 .  1 0  6 ~ ! 

- 4 .  1 0  r -- 

- 5 .  1 0  8 

I I I I I I I 

0 2 4 6 

(a) L o g  W ( W  i n  r a d / s )  

I I 1 I I I I 

KENDIG ET AL. ON COATED METAL ADHESION LOSS 411 

- 2  0 2 4 6 

(b) LOg W (W in radls) 

FIG. 3- -Calcu la ted  impedance spectra. I. Cc = 0 . I I  nF/cm 2 and C~ = 50 nF/cm 2, (a) 
magnitude and (b) - p h a s e  versus log o f  the frequency in radians/s. H. Cc = 0.11 nF/cm 2 
and C~ = 0.11 nF/cm 2, (c) magnitude and (d) - p h a s e  versus log o f  the frequency in 
radians/s. 

Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



412 ELECTROCHEMICAL IMPEDANCE 

9 

E 

E 7 e- 

c 

N 

N 5 

O 
. j  4 

3_ 2 

' ' ~ I  ' ' ' 

2 

Bpo ohm cm 

I .  10 8 

2. 10 7 

3. IO s 

C c = 0.11 nF/cm z 

Cll O = 0. I 1 nF/cm 2 

I I I I I I I 
0 2 4 

(e) Log ~ (~ in tad/s) 

6 

c 
,< 

p~ 
x-  

n 
I 

80 

60 

B 

4 0  - 

20 - 

I I I I I I I 0 ! 
- 2  0 2 4 6 

(a) Log (~ ((~ in rad/s) 

FIG. 3--(continued) 

shown in Fig. 4d. The case of Fig. 4d was assumed by J. D. Kellner for his analysis of the 
cathodic disbonding of tape coatings from pipe line steel [11]. 

Two limiting cases can be considered. If {R,;} remains high, then the impedance spectra 
at low frequencies reach a limiting value with increased disbonding (increased N of the 
model) and the maximum in the negative of the phase angle remains less than 45 ~ . This is 
illustrated in Figs. 4e andf .  On the other hand, the negative of the phase angle will remain 
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above 45 ~ and close to 90 ~ for sufficiently low values of {R,~}, and the impedance at low 
frequencies will scale with the area disbonded as shown in Figs. 4g and h. 

This work will focus on the special case where Rpo is relatively small, the case where a 
macroscopic defect exists in the coating. For this case only the impedance represented by 
the metal at the disbonding is considered. The two aforementioned important cases can be 
considered. In one case, {R,i} is relatively small due to a large gap in the disbond zone. For 
the second case, {R,i} is relatively large due to a small gap defining the disbond. These two 
cases have great significance for efficient cathodic protection of pipe around holidays 
undergoing disbonding. In the case where {R,~} is large, the ohmic resistance can effec- 
tively shield the region in the disbond, whereas if {R,~} is small, the cathodic potential 
sufficiently extends down the crevice formed by the disbond. 

Experimental 

Scotch Kote | 206N Slow FBE coatings on sand and grit-blasted (the standard surface 
preparation) carbon steel 1-cm by 2.7-cm billets of varying length were obtained from 3M 
(P.O. Box 2963, Austin, TX 45572). The coatings were nominally 350 ~m thick as deter- 
mined by a magnetic thickness tester (Checkline Coating Thickness Tester, Electromatic 
Equipment Co., Cedarhurst, NY). The coatings were cured at 450 ~ F. A 0.6-cm-diameter 
hole was placed through the coating to the substrate by a flat mill to minimize damage to 

(a) 

I__ RP~ i 

Cc 
0 

C d 

Rpo 
i I[ 

(b) 

Cc 

Ic'j 
Rc 

FIG. 4--Equivalent circuit schematics for an organic coating: (a) Adhering coating 
before commencement of  corrosion. (b) Adhering coating with the initiation of corrosion. 
(c) Coating with a disbond. (d) Coating with a disbond and virtually zero values for {Rsi}. 
(e) Calculated magnitude and (f) phase spectra using the model of 4c for high {Rsi}. (g) 
Calculated magnitude and (h)phase spectra for the model of 4c using low values of {Rsi}. 
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the substrate. One specimen was prepared using a substrate cleaned in a standard fashion 
while the second specimen was contaminated with a solution of 3% NaC1 which was 
applied to the cleaned surface and allowed to dry before applying the FBE. 

A 6-cm-length of each specimen was placed in a solution that remained open to the air. 
The solution contained 1% by weight of each of the following: Na,_SO4, Na2CO3, and NaCI. 
The impedance of the defective coating was measured after a few minutes immersion and 
was then subjected to a cathodic polarization of - 1.440 mV versus SCE using the PAR 
Model 173 Potentiostat.  The impedance measurement used the potentiostat and a So- 
lartron 1170 Frequency Response Analyzer  controlled by a HP 9825 desktop computer. 
The impedance was measured using a --- 10 mV peak to peak sign wave modulation be- 
tween 10 4 and 30 mHz. The apparatus and approach for making the measurement has been 
described elsewhere [12]. For  subsequent evaluations of the impedance, the cathodic 
polarization was removed from the specimens momentarily before making the impedance 
measurement.  The potential dropped rapidly to a more or less steady value within a minute 
of removing the cathodic polarization. This was the potential chosen for the impedance 
measurement which was then taken immediately. Following the impedance measurement 
the polarization at - 1.440 V was reapplied immediately. After 72 to 96 h of this exposure, 
the specimens were disconnected from the potentiostat and removed from the solution. 
Radial scribes were made away from the defect and, where possible, the coating was 
pulled from the substrate; the substrate was then examined microscopically to evaluate the 
extent of cathodic disbonding. 

Since the defect determined the impedance, there is no clear justification for normalizing 
the data to any particular area although the total area of the exposed specimen was 47 cm 2 
and the defect was 0.3 cm 2. 

Results 

Figures 5a and b show the results of the log impedance magnitude spectra for the 
respective chloride-contaminated specimen and the specimen having the standard surface 
preparation. Some nonsteady state effects for the initial zero hour sample at the lower 
frequencies (below about 1 Hz or 6.28 rad/s) may occur. Above this frequency the data at 
zero hours have more meaning. For  the contaminated specimen, the spectra revert  to a 
constant pattern after about 1 h while the specimen treated with the standard surface 
preparation shows a somewhat more gradual decrease in impedance with cathodic polar- 
ization time. The important feature for both of these curves is the change from a - 0 . 8  
slope of log Z versus log ~o slope to a slope approaching - 0 . 5 .  This is more easily seen in 
the negative phase angle dependence (Figs. 6a and b) which decreases with exposure and 
cathodic polarization from a maximum of about 75 ~ to between 50 and 55 ~ for the specimen 
with a standard preparation, and between 40 and 55 ~ for the contaminated specimen. Note 
that, as expected,  no change in the high-frequency impedance occurs. Rpo for this case 
remains at about 18 to 20 12 and is not influenced by the treatment. Note that fb for this 
coating is well above those frequencies for which there is experimental access and, hence, 
is consistent with the very large defect. 

The data in Figs. 5 through 6 fit a very simple single time constant model 

Z = Rpo + R~o~(1 + (J'e0"r) ~) (4) 

where r = Rco~r * Corr. Corr is not necessarily a double layer capacitance, but rather an 
effective capacitance as defined by the equation. Alpha (c0 is a parameter that ranges 
between approximately 0.5 and 1. The results of the experimental fit of the data in Figs. 5 
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through 6 appear in Figs. 7a through c. As can be seen, the corrosion resistance drops 
from initial values above l kl~ to below 1 k~/with the NaCl-contaminated surface being 
slightly less than that for the standard surface preparation (Fig. 7a). The effective capaci- 
tances for the two surface treatments also show a relatively similar behavior as seen in 
Fig. 7b. Initial rapid rise from about 100 ~F to values well over 2000 ~F suggests that the 
effective capacitance cannot be attributed to double layer charging. After long times (70 h 
for the standard preparation and over 90 h for the NaCl-contaminated specimen) a de- 
crease in the capacitance occurs. 

The value of the exponent et appears in Fig. 7c. Here there is a very strong difference 
between the two specimens. The contaminated specimen shows a a that becomes much 
closer to 0.5, the theoretical value for a transmission line comprised of identical elements, 
as compared to the surface that was not contaminated. In both cases there is a precipitous 
drop in ct after exposure to the cathodic disbonding polarization in the test environment. 

The potentials for the specimens are initially at open circuit, which is above -500  mV 
versus SCE as shown in Fig. 7d. During the off-time between cathodic polarizations, the 
open circuit potential drops to a steady value of about - 850 mV versus SCE (Fig. 7d). 

These data represent a sum of both the impedances for the base of the defect and the 
impedance of  the cathodically disbonding crevice. To estimate the impedance of the 
disbonding crevice, the initial impedance is assumed to represent that for the base of the 
defect and can be subtracted from the observed impedance 

l /Zcrevice = 1/Zob . . . . .  d -  1/Zinitial (5) 

The resulting Zcrevice also fits the simple model represented by Eq 4. The apparent parame- 
ters obtained for the crevice alone appear in Figs. 8a through c. 

Rco~r for the crevice is initially more than an order of magnitude lower for the NaCI- 
contaminated specimen as compared to the standard preparation as shown in Fig. 8a, but 
varies somewhat erratically with time which may be attributed to the considerable error 
inherent to performing the subtraction of Eq 5. 

The contaminated specimen shows an initially low Rr which increases with time to 
become comparable with the uncontaminated surface. Cefr for both specimens generally 
increases with time (Fig. 8b). After 70 h Cole for the noncontaminated surface increases 
rapidly and then decreases while Cefr increases uniformly over the test period to reach a 
value of  4000 I~F. As is the case for the R . . . .  the high variation in the time dependence for 
these parameters may result more from the error in the subtraction. 

The c~ value for the crevice impedance appears in Fig. 8c. The value for the NaC1- 
contaminated specimen decreases from 0.7 to near 0.5, the theoretical value for a trans- 
mission line of  identical elements; whereas the noncontaminated standard preparation 
gives a value that levels out and then increases at about 0.6. 

The actual extent of disbonding for the coating was evaluated by microscopic analysis 
(Figs. 9a, b). Note that the disbond zone is characterized by a black magnetite layer and is 
distinguished from the lighter region containing light-colored debris resulting from cohe- 
sive fracture of the polymer as it was pulled from well-bonded regions of the surface (see 
Fig. 9b). The NaCl-contaminated specimen was completely disbonded from the specimen. 
No cohesive failure of  the coating occurred as it was pulled from the surface anywhere on 
the NaCl-contaminated specimen. On the other hand, the specimen with no contamination 
disbonded only to a distance of about 0.2 mm away from the hole as indicated in Fig. 9b. 
Pulling the coating from the surface elsewhere required cohesive failure of the coating. 
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Discussion of Experimental Results 

The actual disbonding observed by the post-test removal of a portion of  the film suggests 
a factor on the order of (1 cm/0.02 cm) 2 or 63 000 for the ratio of area disbonded between 
the two specimens (chloride-contaminated and standard preparation). Despite the differ- 
ences in the impedance parameters (see Figs. 7 and 8), the differences are not sufficiently 
large to be attributed directly to the area disbonded. More likely, the apparent impedance 
of  the crevice is that of a distributed network like the transmission line model proposed in 
Fig. 4. That ct for the highly disbonded specimen does not reach 0.5 may reflect a 
nonuniform distribution of values for the individual elements as presented in Fig. 4. The 
more disbonded specimen (NaCl-contaminated) gives a a that more nearly approaches the 
theoretical value. The erratic behavior of the noncontaminated specimen, as demonstrated 
by the variation in the values of  C~ff and R~or~ (Figs. 8a and b, respectively) is attributed to 
intermittent initiation of corrosion within regions of the cathodic crevice. 

The model of Fig. 4 appears to predict some aspects of the behavior of the impedance as 
a result of  disbonding for the system under consideration. Specifically, the impedance 
approaches the transmission line behavior and does not appear to be directly related to the 
extent of disbonding after sufficient disbonding has initiated (which may be as low as a 
fraction of  a mm away from the crevice). 

Despite the scatter, Rco~ for the more extensively disbonded crevice is generally lower 
as compared to the blank (standard preparation) although Rco~r for the standard specimen 
did drop after 60 h exposure to a value comparable to that for the contaminated specimen. 
Clearly there is not a strong relationship of Rcorr or Ceff to the area disbonded for this 
system. This certainly is predicted by the high ohmic resistance (Rsi) case of the proposed 
model in Fig. 4. 
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FIG. 9--Micrographs of  the cathodically disbonded coating: (a) NaCI contaminated 
specimen, and (b) no contamination. The dark regions adjacent to the milled hole repre- 
sent magnetite substrates where no adhesion exists. The well-bonded regions contain 
debris from cohesively failed coating after it was pulled from the substrate. 

The FBE coatings evaluated here differ from the tape coatings considered by Kellner. 
For  the tape coatings, the ohmic resistance Rsi of Fig. 4 may very well be sufficiently low 
that the effective capacitance does indeed scale with the area disbonded as assumed by 
KeUner [11]. This certainly does not appear to be the case for the the FBE-coated 
specimens, and suggests that the ohmic resistance in the crevice of the FBE is relatively 
high, which can contribute to shielding of the cathodic protection once disbonding com- 
mences. 
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Summary and Conclusions 

The impedance of an organic coating on a steel surface seems to depend primarily on the 
transport of ionic species across the coating. To consider that disbonding plays a direct 
role in the observed impedance for all cases remains questionable, Only in as much as 
disbonding promotes corrosion, which in turn degrades the coating through mechanical 
and chemical processes, does the decrease in R,<, and increase in fb correlate with 
disbonding. In this sense the breakpoint frequency is a measure of the integrity of the 
transport properties of the coating. Indeed, as shown by Scully, fb provides a very good 
predictor of coating performance [13]. Nevertheless, variation of the breakpoint has been 
shown on the basis of a simple theoretical analysis not to necessarily require coating 
disbonding (see Figs. 3a, b). The observation of a breakpoint does require that the coating/ 
metal interface have a sufficiently low impedance (resistive or capacitive) which will be the 
case under all reasonable assumptions. 

We and others have theoretically and experimentally considered the impedance of an 
organic coating on steel for the special case that a large macroscopic defect exists in the 
coating and disbonding occurs away from the defect. A transmission line model is required 
for the case of a sufficiently high ohmic resistance in the crevice formed between the 
disbonded polymer and the substrate, and predicts two important behaviors: (1) the 
impedance will develop a constant phase element with a a value of 0.5 which gives rise to a 
phase angle that does not fall below - 4 5  ~ and (2) the impedance will not scale with the 
area disbonded. The observation for the disbonding of an FBE coating about a large hole 
suggests that both these conditions are at least approached if not entirely met for this 
particular system. 

Acknowledgments 

We acknowledge valuable discussions with Prof. Florian Mansfeld between 1980 and 
1986 during which time the concepts for this work were first developed. The theoretical 
aspects of this work was supported by the Office of Naval Research under contracts 
N00014-79-C-0437. The recent work presented in this paper has been supported by ONR 
contract N00014-90-C-0010 and the experimental evaluation of the pipeline coating was 
made with the support of the Gas Research Institute. We also acknowledge useful discus- 
sions with J. N. Murray of The David Taylor Research Center during the final revision of 
this manuscript. 

References 

[1] Mayne, J. E. O., -The Mechanism of Protective Action of Paints." Corrosion, L. L. Shreir, 
Ed., Vo[. 2~ 1976, p. 15:34. 

[2] Walter, G. W., Corrosion Science, Vol. 26, No. 1, 1986, p. 27. 
[3] Mansfeld, F. and Kendig, M., "Lifetime Prediction of Organic Coating/Metal Systems," Final 

Report for the period July 1, 1979-October 31, 1985, N00014-79-C-0437, NR036-(471), 
SC5222.FR, 1986. 

[4] Haruyama, S., Asari, M., and Tsuru, T., "Impedance Characteristics During Degradation of 
Coated Steel," Corrosion Protection by Organic Coatings, M. Kendig and H. Leidheiser, Eds., 
Proceedings Vol. 87-2, The Electrochemical Society, 1987, p. 197. 

[5] Kendig, M., Mansfeld, F., and Tsai, C. H., Corrosion, Vol. 47, No. 12, 1991, p. 964. 
[6] Mansfeld, F. and Kendig, M., "Electrochemical Impedance Tests for Protective Coatings," 

Laboratoo' Corrosion Tests and Standards, ASTM STP 866, G. S. Haynes and R. Baboian, 
Eds., American Society for Testing and Materials, Philadelphia, 1985, pp. 122-142. 

[7] Kendig, M., Mansfeld, F., and Arora, A., "Evaluation of Protective Coatings with Acoustic 

Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



KENDIG ET AL. ON COATED METAL ADHESION LOSS 427 

Emission and Impedance Measurements," in 9th International Congress on Metallic Corrosion, 
National Research Council of Canada, 1984, p. 73. 

[8] Rugged, R. T. and Beck, T. R., "The Transport Properties of Polyurethane Paint," Corrosion 
Control by Organic Coatings, H. Leidheiser, Jr., Ed., National Association of Corrosion 
Engineers, 1981, p. 62. 

[9] Hill, N., Vaughan, W., Price, A., and Davies, M., "Dielectric Properties and Molecular 
Behaviour," Van Nostrand, London, 1969, p. 411. 

[10] Mayne, J. E. O., British Corrosion Journal, 1970, p. 106. 
[11] Kellner, J. D., "Computer-Controlled AC Impedance Measurements for Evaluation of Anti- 

Corrosion Pipeline Coatings," Electrochemical Techniques for Corrosion Engineering, R. 
Baboian, Ed., National Association of Corrosion Engineers, 1986, p. 161. 

[12] Kendig, M., Allen, A., and Mansfeld, F., Journal of the Electrochemical Society, Vol. 131, 1984, 
p. 935. 

[13] Scully, J., Journal of the Electrochemical Society, Vol. 136, 1989, p. 979. 

Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



William S tephen  Tait, 1 Kristy A.  Handrich,  1 Susan W. Tait, 2 and  
Jona than  W. Mart in  3 

Analyzing and Interpreting Electrochemical 
Impedance Spectroscopy Data from 
Internally Coated Steel Aerosol Containers 

REFERENCE: Tait, W. S., Handrich, K. A., Tait, S. W., and Martin, J. W., "Analyzing 
and Interpreting Electrochemical Impedance Spectroscopy Data from Internally Coated Steel 
Aerosol Containers," Electrochemical Impedance: Analysis and Interpretation, ASTM STP 
1188, J. R. Scully, D. C. Silverman, and M. W. Kendig, Eds., American Society for Testing 
and Materials, Philadelphia, 1993, pp. 428-437. 

ABSTRACT: Internally coated steel aerosol container corrosion and coating parameters 
derived from electrochemical impedance spectroscopy (EIS) data can have a range of 
values, requiring collection of data from multiple samples on a given coated container/ 
electrolyte system. Multiple specimens enable estimation of distribution curve shape, and 
thus estimation of the fraction of the entire container population that will experience failure 
at a given time. Three types of EIS curves, (1) Bode magnitude, (2) Bode phase, and (3) 
Nyquist, should be used to determine how many responses (time constants) are present in an 
EIS data set. Capacitances are used to determine what type of process is being observed for 
each responses. Low Chi-square values lead to the conclusion that more accurate estimates 
of capacitances are obtained from analysis of individual responses, instead of from analyzing 
an entire data set with a single equivalent electrical circuit. 

KEYWORDS: electrochemical impedance spectroscopy (EIS), Bode magnitude, Bode 
phase, Nyquist, Chi-square (X'-), corrosion resistance extremes 

Previous publications have discussed the use of electrochemical impedance spectros- 
copy (EIS) data for predicting container service lifetime (CSL) of internally coated steel 
aerosol containers [1-6]. In these publications, two extremes in coating and corrosion 
parameters were found to correspond to: 

(1) CSLs of >2 years when coated containers exhibited capacitive dielectric behavior, 
in which coating capacitance was approximately 1 nF/cm z and pore resistance was 
> 1 0  9 ~ ~ ' c m  2 after 100 days of exposure; 

(2) CSL of < 1 year when corrosion resistance decreased to < 107 lq.cm 2 within 100 days 
of exposure. Coating parameters were not monitored for this type of corrosion 
behavior because metallic corrosion resulted in container perforation. 

CSL is defined as the time at which > 1% of the entire container population has perforated 
due to metallic corrosion. 

tResearch associate and scientist, respectively, S. C. Johnson and Son, Racine, WI 53403. 
2Educational consultant, Tait & Associates, Racine, WI 53402. 
3Senior materials research engineer, National Institute of Standards and Technology, Gaithersburg, 
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However,  predicting long-term container corrosion behavior from coating and corrosion 
parameters derived from EIS data is not always straightforward. A range of values for 
these parameters is typically observed for a given container/electrolyte system and ex- 
tremes in this range must be considered in order to make accurate predictions on CSL and 
to estimate what fraction of the entire container population will fail after a specified time. 

It is the intention of this paper to discuss some of the techniques used to analyze and 
account for the broad range of coating and corrosion parameter values and some of the 
errors that can arise from using various analysis techniques. 

Experimental 

Experimental  test cells, electrodes, and determination of CSL values were discussed in 
a previous publication [5]. A 100 kHz to 5 mHz frequency range was used to collect EIS 
data with an 11 points per  decade sampling. Data were gathered at room temperature using 
a Solartron model 1255 H F  Frequency Response Analyzer with an EG&G Princeton 
Applied Research model 273 Potentiostat.* Corrosion and coating parameters were de- 
rived from either Nyquist  plots using software developed by Boukamp [7], or from Bode 
plots using linear regression analysis. 

Data presented in this paper were gathered from several studies consisting of EIS 
measurements on specimen sizes ranging from 95 to 100 containers, using deionized water 
(18 Mfl .cm resistance) or 0.4 M potassium chloride solution as test electrolytes. Test 
electrodes were fabricated from commercial epoxy-coated steel aerosol containers [1]. 

Discussion of Data and Analysis Techniques 

It was previously mentioned that corrosion and coating parameters obtained from EIS 
data can have a range of values, even when specimens are prepared by the same process 
[1,8-10]. Parameter  values can range from 3 orders of magnitude, after 20 days exposure, 
to 1 order of magnitude, after 100 days exposure [1]. It was demonstrated in a previous 
publication that the range of values is due to coating variations and not measurement 
protocol [6]. However ,  the questions still remained as to what types of statistical analyses 
should be used to analyze parameters derived from EIS data in order to make meaningful 
CSL predictions, and how to estimate the number of failures that would occur during a 
specified period of  time. 

Statistical Treatment of  EIS Data 

A 3 order of magnitude range for corrosion resistance values can make the difference 
between predicting whether CSL will be >2 years or < 1 year. Extreme values for coating 
and corrosion parameters,  such as low corrosion resistances (< 10 7 [~-cm 2) or high coating 
capacitances (much > 1 nF/cm2), result in coated container failure from metallic corrosion 
and coating delamination, respectively. 

It is necessary to know, or be able to accurately estimate, distribution curve shape for 
coating and corrosion parameters in order to estimate the number of containers having 
extreme values (on either end of  the distribution) [11] and that will thus fail within a given 
time. The distribution curve shape could be estimated by calculating the mean and stan- 
dard deviation from repetitive specimens if parameter  values were normally distributed, 
because a normal distribution curve is symmetrical about its mean. 

*Mention of equipment is given solely to define experimental details and does not constitute an 
endorsement. 
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Unfortunately, coating and corrosion parameters are not normally distributed. This can 
be seen from the curves in Fig. 1 which contain two probability plots used to test the 
validity of applying a given distribution (probability density function, or pdf) to a popula- 
tion (coating and corrosion parameters) [12]. These curves are generated by: (a) calcu- 
lating the differences (residuals) between individual parameters and the population 
(parameter) mean, (b) rank ordering the residuals, (c) calculating the probability for each 
using the pdf being considered, and (d) plotting the calculated probabilities as a function of 
the residuals. The solid line indicates the trend the data (circles) would follow if the 
appropriate pdf was chosen. 

One can see from the top graph that the parameters are not normally distributed because 
the probabilities for their residuals do not follow the straight line. It can be seen from the 
bottom graph that the parameters are log-normally distributed, thus the distribution for 
corrosion and coating parameters from coated containers are not symmetrical about the 
mean. Consequently, normal statistics (simple means and standard deviations) cannot be 
used to estimate distribution curve shape. It can only be estimated by a histogram gener- 
ated from EIS measurements on repetitive specimens. 

Variations in multiple replicates have been observed by others on a variety of coated 
metal systems [8,10,13-15]. Consequently, it is hypothesized that observations of parame- 
ter variations reported in this paper (and the need to account for parameter variations) 
most likely apply also to other coated metal systems, particularly when service lifetime 
predictions are being developed from coating or corrosion parameters. 

Figure 2 illustrates how parameters derived from EIS data are used to estimate the 
fraction of containers that will fail from corrosion. This figure contains a typical histogram 
(boxes) for coating pore resistance values. A normal distribution curve for these parame- 
ters, represented by the solid curve, is included for purpose of illustration. Figure 2 is also 
typical for coating and double layer capacitances and corrosion resistance values. 

When extreme values (e.g., corrosion resistance <10 7 ~-cm 2) for a parameter are 
known, the number of units having parameter values exceeding or less than the extremes 
(and will fail) can be estimated by calculating the area under the high or low tail of the 
distribution curve or histogram. This concept is illustrated in Fig. 2 where hypothetical 
high and low extremum for pore resistance are identified as vertical lines. Figure 2 also 
illustrates how normal statistics (solid line) can lead to over-estimation of extremes in the 
left tail and under-estimation of extremes in the right tail when applied to non-normally 
distributed parameters. Under- and over-estimation of the number of containers having 
extreme values leads to erroneous estimations of CSL. 

High and low extremum for corrosion resistance, high extremum for pore resistance, 
and low extremum for coating capacitance were identified at the beginning of this paper 
and in a previous publications [1,2]. Work is proceeding at this time to determine extreme 
value magnitudes for pore resistance, coating and double layer capacitances, and the 
minimum number of repetitions needed for estimating distribution curve shape. 

Graphical Analysis of EIS Data 

Nyquist plots are commonly used to present and analyze EIS data. However, Mansfeld 
presented example Nyquist plots where the coating response was obscured by the faradaic 
response, but readily observed in the corresponding Bode magnitude plots [16]. There are 
also cases where the differences between responses from different processes are difficult 
to distinguish on a Bode magnitude plot. One such example, obtained from studies using 
deionized water, is contained in Fig. 3. This curve is typical of the Bode magnitude plots 
obtained from studies on coated containers exposed to 18 Mtl-cm deionized water. Exam- 
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ining the corresponding Bode phase plot in Fig. 4 reveals three distinct responses: the first 
at high frequencies, the second at approximately 100 Hz, and the third at lower frequen- 
cies. Figure 5 contains a summary Bode magnitude plot in which the location of the 
responses are indicated along with their values for resistance and capacitance. It is 
interesting to note that all three of the responses (time constants) in Fig. 5 have capaci- 
tances that are typical for organic coatings. 

It is suggested that three types of plots, (1) Bode phase, (2) Bode magnitude, and (3) 
Nyquist,  should be examined to determine how many responses are contained in a given 
EIS data set. 

Potential Errors Arising from Modeling EIS Data 

A common technique for analyzing EIS data is to obtain coating and corrosion parame- 
ters by mathematically modeling all of the data with an equivalent electrical circuit. 
However,  ambiguities can arise from this modeling technique. For  example, Silverman 
discussed how several different equivalent circuits can be used to model the same EIS data 
set [17]. Multiple equivalent circuit models can cause confusion about the physical signifi- 
cance of  each component in the equivalent circuit. 

Boukamp's  software uses the Chi-square (X 2) statistic to test how well a model fits a 
data set. The X 2 test is used to assess the degree of correspondence between a model 
(expected value) and the corresponding experimental data [18]. We have often observed 
that the X 2 statistic ranges from 104 to 108 when data are modeled with a single equivalent 
circuit. The right column of Table 1 contains typical X 2 values obtained when equivalent 
circuits were used to model EIS data. An ideal fit of a model to a data set would result in a 
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FIG. 4--Corresponding Bode phase plot for Fig. 3. 
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FIG.  5--Bode magnitude plot with coating parameters for each response identified in 
Fig. 4. 

X 2 s ta t is t ic  equal  to 0. C o n s e q u e n t l y ,  the  h igh X 2 values  in Table  1 sugges t  tha t  the  
a s s u m e d  equ iva len t  c i rcui t  is no t  a good  fit to the  data .  

Conve r se ly ,  w h e n  da ta  a s soc ia t ed  wi th  each  r e sponse  are ana lyzed  separa te ly  us ing  a 
modif ied Rand le s  c i rcui t  ( cons t an t  phase  e l emen t  [19] is subs t i tu ted  for  the  capaci tor ) ,  X 2 
va lues  typica l ly  range  f rom 10 -3 to 1 0 - 5 - - i n  o the r  words ,  near ly  an  ideal fit. Typica l  X 2 
va lues  ob t a ined  f rom this  t e c h n i q u e  are  con t a ined  in the  left co lumn of  Table  1. The  resul t s  
in Tab le  1 sugges t  tha t  more  accu ra t e  e s t ima tes  of  coat ing  and  cor ros ion  p a r a m e t e r s  can  be  
ob ta ined  by  ana lyz ing  da ta  for  indiv idual  r e sponses  in the  EIS  da ta  set,  as opposed  to 
us ing  a single c i rcui t  to mode l  the  en t i re  data  set.  

TABLE 1--Comparison of X 2 values for different analysis 
techniques. 

Analyzing Individual 
Responses (Time Using Equivalent Electrical 

Constants) Circuit Models 

1.66 • 10 -3 2.48 x 106 
1.12 • 10 -3 2.08 x 107 
6.02 x 10 -4 6.82 • 105 
6.36 • 10 -4 6.99 x 104 
4.55 x 10 -3 2.20 x 106 
1.74 x 10 -3 1.52 • 107 
1.19 • 10 3 1.68 x 106 
9.15 x 10 -5 2.07 • 106 
4.25 x 10 -3 1.69 x 10 s 
1.00 x 10 -3 2.68 • 10 s 
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TABLE 2--Partial listing of percent differences between parameters obtained from different EIS 
analysis techniques (mean values are for 95 repetitions). 

Coating Pore Double Layer Corrosion 
Capacitance Resistance Capacitance Resistance 

77.2% 2.0% 1436.5% 0.72% 
1327 46.9 519. I 3.53 

44.3 32.1 186.0 45.6 
301 40.9 14.2 45.6 
274 44.9 3773.6 16.8 
51 1.4 10.0 48.8 

3758 57.3 137.9 108.7 
15.9 2.1 795.7 46.1 
31.6 1.2 7.9 16.0 

439 13.0 12.6 2.0 
18.2 16.0 2.27 49.7 
37.1 6.3 1129.4 7.0 
26.7 8.0 11.7 12.1 
29.2 3.7 8.35 89.4 

2963 8.3 4.93 2.47 
852 80.5 2.3 13.1 
264 96.5 11.3 6.77 

Mean = 609% Mean = 27% Mean = 613% Mean = 72% 

The percent difference between parameters obtained from the two analysis method were 
calculated for 0.4 M KC1 data in order to identify which parameters caused high X 2 values 
observed for single circuit models. Table 2 contains examples of percent differences 
between the two methods for corrosion and pore resistances, coating and double layer 
capacitances. Most of the differences in resistance values are <100% and the average 
difference for 95 repetitions was <100% for both types of resistances. Many of the 
capacitance differences are >100% and several were >1000%. The average difference for 
both capacitances was approximately 600%. This observation leads to the conclusion that 
high X 2 values are caused by errors in capacitance values arising from use of a single 
equivalent circuit model. 

Using Capacitance Values to Guide Interpretation o f  Results from Analyses 

Table 2 also illustrates that if resistances were the only parameters needed for data 
interpretation and prediction of CSL, then the method used to analyze data would not be 
important. 

However,  we have found it useful to use capacitance values to interpret what type of 
processes are being observed with each individual response. Table 3 contains capacitance 

TABLE 3--Capacitance values used to determine what types of processes are associated with a 
given electrochemical event. 

Capacitance Value 

Coating on the order of 1 nF/cm 2 
Double layer (corrosion) 10 to 100 p.F/cm 2 
Oxide several hundred to thousands ~F/cm-" 
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magnitudes typically associated with faradaic processes (corrosion) [20], coatings [21,22], 
and oxides [23]. 

Percentage differences in capacitance values of 1000%, such as those seen in Table 2, 
can make the difference between determining whether an observed resistance is for the 
coating or a faradaic process,  and thus the difference between predicting one- or two-year 
CSL. 

For  example, if the middle frequency resistance value in Fig. 5 was interpreted to be a 
corrosion resistance, the conclusion would be that this coated container would fail within 
one year. However ,  the corresponding capacitance has a magnitude typical for a coating; 
thus, the conclusion is that this resistance is a pore resistance and the coated metal is 
exhibiting capacitive dielectric behavior. No corrosion or coating degradation were ob- 
served after 100 days exposure on the specimen from which Fig. 5 data were gathered, 
confirming that the middle frequency resistance was indeed a pore resistance. 

Conclusions 

Coating and corrosion parameters derived from EIS data (from coated steel aerosol 
containers) typically have a range of values that can be several orders of magnitude. The 
range of parameter  values leads to the need for collecting multiple repetitions on each 
container/electrolyte variable. Multiple repetitions enable estimation of the distribution 
curve shape, which is needed to estimate the number of containers that will have extreme 
values. Estimation of the number of  extreme values is important because extremum in the 
distribution (e.g., low resistances and high capacitances) result in container failure. 

Examination of three types of EIS curves, (1) Bode magnitude, (2) Bode phase and (3) 
Nyquist,  is needed to determine how many responses (time constants) are contained in an 
EIS data set. 

Capacitance values are useful for determining what type of process is being observed for 
each response in an EIS data set. 

Chi-square (X 2) values indicate that more accurate estimates for capacitance values can 
be obtained from analysis of individual responses, using a modified Randles circuit, 
instead of  analyzing the entire data set with one equivalent electrical circuit. 
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ABSTRACT: The authors present a review of their research work in an endeavor to inter- 
pret the behavior of zinc-rich paints (ZRP) using electrochemical impedance spectroscopy 
(EIS). This technique can provide much useful information about the protection mechanisms 
of ZRP. The tendency of some of these coatings to act like an electrode with a very large 
accessible internal area (that of the interconnected zinc particles) is examined. This situation 
favors the cathodic protection of the steel substrate by the zinc particles. The higher fre- 
quency arc chord in the Nyquist diagrams and the Warburg coefficient calculated from the 
low-frequency diffusion tail enables the extent and evolution of the coating barrier effect to 
be determined. 

KEYWORDS: electrochemical impedance spectroscopy (EIS), zinc-rich paints (ZRP), ca- 
thodic protection, barrier stages 

For  a long time, paints with a high content of zinc particles (Fig. 1) have been success- 
fully employed for steel protection. It seems to be clearly established that in the early 
stages of coating performance there is a period of intense electrochemical activity, in 
which the preferential at tack of  zinc particles provokes cathodic protection of the steel 
base [1]. The extent and duration of this period of cathodic protection is considered to be 
limited by the contact between the zinc particles, which is lost with time. This effect is 
illustrated in Fig. 2, obtained with panels immersed in a saline solution of 3% NaC1. As can 
be seen, the potential moves in the noble direction with increasing time [2]. In this 
example, negative potentials of  over - 0 . 8 0  V/SCE (usually specified as necessary for 
protection of  steel) are not maintained for more than 80 days in the most favorable case of 
the 84% zinc ethyl silicate type coating. It might be thought that the useful life of zinc-rich 
paint (ZRP) coatings is limited to the life of the electronic contact between the zinc 
particles, which is a function of  the paint type and composition. However,  this is not 
completely correct,  since a subsequent long-term protection develops through the forma- 
tion of zinc compounds [3,4]. In this case, the protective behavior is assigned to the 
secondary effect of zinc corrosion products in blocking the pores in the coating and 
rendering it compact  and adherent. 

1Research assistant, research assistant, scientific researcher, research professor, and research pro- 
fessor, respectively, CENIM, Ciudad Universitaria, 28040-Madrid, Spain. 

438 

Copyright �9 1993by ASTM International www.astm.org 
Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



FELIU ET AL. ON ZINC-RICH PAINTS 439 

FIG. 1--Cross-section SEM picture of  a ZRP coating before exposure, showing the 
interconnected spherical zinc particles. 

The electrochemical nature of most of the phenomena involved in the protective action 
of paint coatings justifies the convenience of applying electrochemical techniques for their 
study. The electrochemical impedance spectroscopy (EIS) has the advantage of scarcely 
disturbing the system, since the ac signal applied is very small, and of offering a detailed 
analysis of the different processes that influence its behavior. There have been several 
attempts to apply impedance techniques to the study of ZRP coatings on steel [5-8]. Some 
of these studies are based on data obtained at a fixed frequency (e.g., 1 kHz); other times, 
despite the use of a wide range of frequencies, the measurements do not include the lowest 
frequencies (1 to 10 mHz). However, a detailed analysis of the relaxation phenomena 
involved in corrosion reactions (e.g., mass transfer processes) requires in most cases 
impedance measurements at frequencies as low as 1 mHz [9]. For this reason the informa- 
tion obtained in these studies is only partial. 

In this paper the authors present a review of their research work over the last ten years, 
concerning the application of EIS technique in order to clarify how different parameters 
affect the mechanisms by which steel protection is attained with ZRP coatings. Most of the 
experimental information and results given have been taken from published works by the 
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FIG. 2--Evolution of  rest potential with time of  steel panels coated with different ZRP 
paints immersed in 3% NaCI solution. 
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440 ELECTROCHEMICAL IMPEDANCE 

authors [2,10-14]. In the subsequent paragraphs, using this technique, information will be 
obtained about the following points: 

(a) The corrosion rate of zinc particles acting as sacrificial anodes. This rate shows the 
tendency of zinc to sacrifice itself in favor of the steel substrate. Low zinc corrosion 
rates point to a poor capacity of this metal to provide cathodic protection. 

(b) The quantity of  zinc particles connected between each other and with the steel 
substrate that participate in the cathodic protection mechanism. It is of major 
interest to know the evolution of the quantity of interconnected particles. 

(c) The electrical resistance of the coating itself, which is closely related to the resist- 
ance by the ZRP coating to the electrical flow and to the operation of corrosion 
microcells. 

(d) The diffusion resistance of the reacting species through the coating, which consider- 
ably influence the development of electrochemical reactions in the metal/coating/ 
electrolyte system. A very strong hindrance to diffusion favors the stability of the 
system. 

Impedance Measurements 

A simple method of measuring impedance with ZRP coatings is to use the technique 
described in Ref 2. Here, the electrolyte, reference electrode, and auxiliary electrode are 
placed in a small plastic cylinder attached to the surface of the ZRP coating. The surface 
exposed to the electrolyte (3% NaCI solution) was 3.14 cm 2. 

Table 1 summarizes the ZRP compositions used in the experiments. The paints were 
formulated with different percentages of zinc and Fe2P particles and two types of vehicles: 
ethyl silicate and epoxy-polyamide. The higher levels of zinc tested correspond to the 
usual ZRP composition. The lower levels of zinc were expressly chosen with the purpose 
of obtaining more complete information about the influence of this variable. Considering 
the vehicles ethyl silicate and epoxy-polyamide, the effects of two binders of radically 
different characteristics and representative of typical families of ZRPs are compared. The 
relatively high cost of  zinc and the desire to avoid some interferences with the welding 
process was the reason for the inclusion of the conductive extender Fe2P in this study. The 

TABLE 1--Zinc dust and conductive FezP particles contents 
(% by weight) in the coatings tested [2,11]. 

Vehicle Zinc Dust Fe2P Particles 

Ethyl Silicate 84 0 
78 0 
50 0 
84 12 
77 12 
59 24 

Epoxy-polyamide 97 0 
93 0 
78 0 
68 0 
85 11 
82 11 
72 21 
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replacement of part of  the zinc particles with Fe2P particles may obviously produce a 
substantial change in the behavior of the coating. 

As a general rule, the Nyquist  diagrams of the series of ZRP tested show one or two 
arcs. In the case of the diagrams of one arc, this may or may not be accompanied by a 
straight line diffusion tail. The single arc may appear in the zone of high or medium 
frequencies. Depending on the frequency zone where the arc is placed, it might be 
interpreted as being due to the combined effect of the ionic resistance and capacitance of 
the insulating layer (high frequencies), or to the charge transfer resistance and capacitance 
of the double layer on the metal (intermediate frequencies). When two arcs appear, the arc 
of the lower frequencies probably corresponds to a mass transport process in a layer of 
finite thickness (curved diffusion tail) [2,10,11]. 

Nyquist  diagrams representative of those obtained with the ZRP coatings are shown in 
Fig. 3. Diagrams of  Type A often appear  with the ethyl silicate vehicle and short exposure 
times, whereas diagrams of Type B tend to appear after long exposure times and with the 
epoxy-polyamide vehicle. 

Information Regarding the Cathodic Protection Mechanism 

The possibilities of cathodic protection of the steel by the zinc particles depend on the 
continuity of the electric contact of these particles between themselves and with the steel 
base. Initially, it is reasonable to assume that the response to the electrical signal of the 
ZRP-coated steel is due almost exclusively to the interconnected zinc particles, because 
the whole effective surface area of these numerous particles (Fig. 1) is considerably larger 
than the accessible surface area of the steel. For  this reason, the arc in the high- or 
medium-frequency range is assumed to be chiefly related to the corrosion reaction of  the 
zinc particles. This arc can be simulated, to a first approximation, by a semicircle, and its 
diameter will correspond to the polarization resistance (Rp) of the reaction. The Rp values 
(thus estimates) are shown in Fig. 4. On the assumption that an analogous relation to the 
Stern-Geary equation [15] is applicable, the rate of the metallic attack (of the zinc particles 
that are electrically interconnected between themselves and the steel base) will be in- 
versely related to Rp. A small Rp value and hence a high corrosion rate will indicate the 
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FIG. 3--Typical examples of Nyquist diagrams obtained with the ZRP coatings. 
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FIG. 4--Polarization resistance versus time. 

existence of a large mass of zinc in contact with the steel base, and probably a very 
effective cathodic protection. As will be discussed later, the increase of the Rp value with 
time in Fig. 4 can be interpreted as a result of: (1) electrical disconnection of the zinc 
particles, and (2) the buildup around them of an insulating barrier of corrosion products 
(Fig. 5). In both cases, the effective surface area of zinc decreases and one would expect 
an increase in the apparent  polarization resistance. 

It is interesting to check whether the response of the ZRP coating to the application of 
an electrical signal affects the majority or only a small part of zinc particles. The first case 
will indicate the existence of a high degree of electrical interconnection of the conductive 
particles, which surely favors the galvanic action and cathodic protection of steel. The 

FIG. 5--Cross-section SEM micrographs of 78% zinc epoxy-polyamide ZRP coating 
after a 30-day immersion period in 3% NaCl solution, showing a thick layer of  corrosion 
products on the zinc surface. 
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second case will indicate a low number of conductive particles in electrical contact and 
thus less availability of zinc anodic surface (greater polarization of the zinc) for the 
cathodic protection of the steel substrate. 

The proportion of zinc particles in electrical contact can be determined by comparing 
the electrochemically estimated zinc corrosion values with those directly determined by 
the hydrogen evolution method [2,11]. In the early stages of exposure, the Rp values 
obtained from the impedance diagrams is expected to correspond essentially to the zinc 
particles electrically connected between each other and with the steel substrate, which are 
the only ones that respond to the applied signal. The corrosion of these particles can be 
estimated by integration with respect to time of the Stern-Geary equation [15]. 

On the other hand, the real value of corroded zinc is obtained by means of the hydrogen 
evolution method [16], by which the weight of metallic zinc remaining in the coating is 
deduced from the volume of hydrogen gas evolved in the reaction between the ZRP 
coating (previously scraped from the steel substrate) and the HC1. It must be stressed that 
in contrast to the electrochemical measurements, in this case the corrosion values refer to 
the whole amount of zinc particles whether they are interconnected or not. It is evident 
that if both values are approximately the same, the greater part of zinc particles will be in 
electrical contact. On the contrary, if the estimated corrosion value from the electrochemi- 
cal measurement is much lower than the one directly determined by the hydrogen evolu- 
tion method, many of these particles will be electrically insulated. 

In Fig. 6, the estimated values from the impedance measurements are compared with 
the real corrosion values obtained by the direct method of hydrogen evolution. With this 
purpose, corrosion currents given by Stern-Geary's equation were integrated over five- 
and ten-day periods, during which frequent measurements were made. The corrosion 
values estimated electrochemically for ethyl silicate ZRP coatings are somewhat greater 
than the real values, regardless of the zinc and of Fe2P particles percentages used. The 
differences (twice as much) can be attributed to the lack of precision in the value of 
constant B and to the possibility of the ZRP coating acting somewhat as a porous electrode 
[2,11]. The conclusion is that the greater part of the zinc and Fe2P particles in these 
coatings maintain electrical contact between each other and with the steel base. On the 
contrary, the epoxy-polyamide ZRP coatings behave as if a few conductive particles were 
only in electrical contact. 
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Information Based on Capacitance Values 

The impedance measurement permits capacitance estimations of the double layer on the 
zinc particles or on the steel surface directly exposed to the saline solution, as well as of 
the insulating films on the electrode. 

Figure 7 shows the variation with time of the capacitance values of the series of ZRP 
tested coatings [2,11]. Values of the same order or higher than the typical values of 
capacitance for the double layer on a flat electrode are determined at the beginning of 
exposure to the saline medium. Quite remarkably, the initial capacitances of some of the 
ethyl silicate coatings are around one hundred times greater than the typical capacitances 
for a fiat metal surface, which suggests an electrode with very large accessible internal 
surface, i.e., a great number of zinc and Fe2P particles electrically connected between 
each other and with the steel substrate. The lower capacitance values of the epoxy- 
polyamide coatings are explained by a lower number of interconnected particles and a 
smaller surface area exposed to the electrolyte, possibly due to the better wetting proper- 
ties of this vehicle [13]. 

Later, during the prolonged exposure to the saline solution and due to the accumulation 
of corrosion products over the zinc particles, these tend to become electrically insulated. 
It is possible that the corrosion first affects the more external zinc particles. A gradual 
passivation of these particles is also possible, starting with the outermost particles (the 
surface covered first by corrosion products). The result is equivalent to an increase in the 
average thickness of the insulating film on the conductive metallic particles. The capaci- 
tance value will therefore diminish. 

In general, capacitance tends to decrease when the zinc content of ZRP also decreases. 
This behavior is less evident with paints in which part of the zinc has been replaced by 
Fe2P. The difference is that now the addition of Fe2P compensates for the reduction in 
zinc, thus ensuring the electrical contact between a larger number of conductive particles 
(of zinc and of Fe2P) [2,10,11]. 

Information Based on the Ohmic Resistance of the Coating 

It should be understandable from the foregoing that after some time (days) of action of 
the agressive medium, the high- or medium-frequency arc of the impedance diagrams may 
no longer be principally linked with the charge transfer resistance of the zinc particles 
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reaction, but rather with the ohmic resistance of the zinc corrosion products accumulated 
within the coating (Fig. 5). In this way, the increase with time of the apparent Rp values 
after a period of about ten days (Fig. 4) has been attributed to the incorporation into the 
coating of insoluble zinc corrosion products [2,10,11], and is in line with the aforemen- 
tioned drop in the value of the electric capacitance of the coating. The tendency to 
increase the value of Rp with time is more evident with the ethyl silicate vehicle coatings 
and with higher zinc contents. This tendency is reversed after sufficiently long periods of 
exposure (e.g., 100 days) due to the perforation of the paint coating. The latter phenome- 
non appears sooner in the epoxy-polyamide vehicle coatings and with a lower zinc con- 
tent. It is as if the effect of progressive deterioration of the coating (opening and widening 
of channels through the coating) eventually prevailed over the blocking effect of the steel 
base and zinc particles by the corrosion products. 

Information Supplied by the Diffusion Tail 

Besides considering the arc of high or medium-frequencies, as referred to previously, we 
also have the possibility of considering the diffusion tail or diffusion arc shown by the 
diagram at low frequencies to analyze the barrier effect of the coating. 

The accumulation of corrosion products in the pores of paint coatings generally favors 
the appearance of diffusion tails [17]. In the case of ZRP coatings, it is reasonable to 
assume that the progressive formation and accumulation of insoluble zinc corrosion prod- 
ucts inside the porous coating also affects the diffusion of the reacting species. 

At low frequency, a trend towards the formation of straight line tails, of about 45 ~ slope, 
has been observed in the case of epoxy-polyamide coatings [2,10,11]. With ethyl silicate 
coatings the trend is towards the formation of low-frequency arcs that also transform with 
time into straight lines (Fig. 8). 

These low-frequency tails and arcs might be expected to bear a close relation with the 
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FIG. 8--Evolution of  Nyquist diagrams as a function of  immersion time in 3% NaCl 
solution, for the 84% zinc ethyl silicate ZRP coating. 
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diffusion coefficient of  the electroactive species D. Theoretically [18], the diffusion imped- 
ance ( Z o )  is given by the equation 

Zo = (1 -j)(YW -1/2 • tanh [ a ( j w / D )  1/~] (1) 

where tr is the Warburg coefficient, w is the angular frequency, ~ is the Nernst diffusion- 
layer thickness, and j -- ( -  1) 1/2. If  the numerical value of B/D v2 is high, the hyperbolic 
tangent term tends towards unity, and the impedance plot shows a straight line of slope 
45 ~ As the value of  ~ / D  ~/2 decreases,  the diffusion tail tends to curve over towards the real 
axis which is intersected at a sufficiently low frequency. Thus, the small value of D will 
favor the semi-infinite diffusion (inclined straight line tail), while the high values of D will 
favor the finite diffusion. The arc transformation in a straight line with the ethyl silicate 
paints may be attributed to the increasing blocking of the coating pores by the zinc 
corrosion products.  The initial lower porosity of the epoxy-polyamide paints explains the 
formation of straight line tails from the first moments of exposure to the saline solution. 

Warburg Coefficient 

When the electrode includes a porous coating, the Warburg coefficient tr is expressed in 
terms of the diffusion coefficient D for the species through the pores in the coating (i.e., 
through only a fraction of the coating surface) and a concentration C, which depends on 
the concentration gradient through the pores. This coefficient is known to follow a depen- 
dence on D and C of the form [19,20] 

tr = R T / 2 V Z n 2 f e  • 1 / C D  v2 

where R, T, F,  and n stand for the usual electrochemical parameters. 
If C remains roughly constant,  which is likely to occur when the maximum concentra- 

tion gradient is reached (diffusion controlled reaction), then cr becomes an exclusive 
function of  D. Thus, it is not unreasonable to expect that the greater the value of tr, the 
more hindered the diffusion process (smaller values of D) and therefore the greater the 
barrier effect of the ZRP coating. 

In the case of straight line diffusion tails (semi-infinite diffusion), one finds from Eq 1 
without the hyperbolic term 

(~ ---- Ztl) X W I/2 o r  cr = ZA • w l/z 

Therefore, the value of cr can be obtained from the values of the real or imaginary 
components of the impedance vector, Zb or Z'~,, which are determined experimentally. In 
the case of diffusion tails which bend towards the real axis, the value of tr may be derived 
from the equations given by Ref 20 .  In this case 

tr = 1.06 Z'~max ) • (Wmax) 1/2 

where the maximum value for the impedance component,  Z'~tm,x~, and the frequency at this 
point, Wma~, are also determined experimentally. 

Applying either of these equations according to the particular type of diffusion tail, 
approximate values of cr are obtained for each ZRP coating, zinc and Fe2P contents, type 
of vehicle, and time of exposure to the saline solution (Fig. 9). 

There is an enormous increase in cr during the first 50 to 100 days in the case of the ethyl 
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FIG. 9- -Warburg  coefficient ((r) versus time. 

silicate vehicle paints with the higher zinc contents, which clearly demonstrates the impor- 
tant role played by the barrier effect in the protection mechanisms of these paints. Figure 9 
also shows the enormous increase of cr in the paints formulated with the Fe2P extender. 
The conclusion is that the conductive extender does not damage the development of the 
barrier effect in the ethyl silicate ZRP coatings. 

The value of (r in the epoxy-polyamide vehicle paints is initially very high (Fig. 9). The 
evolution of (r also shows an increase in the barrier effect. Nevertheless,  the relative 
increase of cr is now less significant than in the paints with an ethyl silicate vehicle. With 
the epoxy-polyamide coatings, the variation curve of cr with time passes through a maxi- 
mum. The subsequent decline is due to the perforation of the coating, as confirmed by the 
appearance of rust points. 

Finally, it is interesting to note the close relationship between the value of (r and the Rp 
value estimated from the length of the arc chord drawn at high or medium frequencies 
(Fig. 10), which corroborates the idea that both parameters depend similarly on the 
accumulation of zinc corrosion products within the coating. 

Conclusions 

(1) The measurements using the EIS technique provide a very valuable tool for the 
study of the anticorrosive protection mechanisms of ZRPs. These measurements 
obtained in a very wide range of frequencies allow us to examine the different 
processes that determine the behavior of these paints, from the faster processes,  
generally of charge transfer, to the slower ones, generally of mass transport. 

Copyright by ASTM Int ' l  (all  r ights reserved);  Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement.  No further reproductions authorized.



4 4 8  ELECTROCHEMICAL IMPEDANCE 

I 
U 3  

v 

lo' 

lO 

1C " 
10 2 

/ /  
y. 

i t 

103 10 ~ 10 s 

ESTIMATED Rp VALUE(~.crr~) 

FIG. lO--Relation between ~r and the estimated value o f  polarization resistance. 

(2) The impedance diagrams permit monitoring of the evolution of the fundamental 
anticorrosive mechanisms of ZRP coatings, which mainly operate in two stages: the 
first one cathodic in nature, followed by the second of a barrier type. Specifically, 
such diagrams provide quantitative information about the dependence of these two 
stages on the following variables: (a) exposure time to the agressive medium, (b) 
percentage of zinc and conductive extender (Fe2P) particles in the coating, and (c) 
type of  vehicle used. 

(3) It is shown that significant parameters for the interpretation of the behavior of ZRP 
coatings are: (a) the value of Rp determined from the arc of the high- or medium- 
frequency range in the Nyquist  diagram, (b) the electrical capacitance that is calcu- 
lated from the impedance data, and (c) the Warburg coefficient which is calculated 
from the diffusion tails at low frequencies. 
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ABSTRACT: Coatings evaluation methodologies using electrochemical impedance spectros- 
copy (EIS) and chronoamperometry are described for high-performance corrosion protective 
coating systems. Three types of coating systems were studied: (1) fusion-bonded epoxy, (2) a 
marine-service epoxy, and (3) a polyimide used in electronics applications. The coating 
systems were monitored as a function of exposure to water, elevated temperature, and time. 
The data obtained were characterized by a high impedance at low frequency under ambient 
laboratory conditions that decreased with exposure time or temperature. The long-term, low- 
frequency decreases were irreversible; short-term, temperature-dependent decreases were 
reversible. Measurements are described which extended the limits of low-frequency mea- 
surements by use of a chronoamperometry technique. This low-current technique was a 
useful ancillary method for coating systems and enabled the estimation of low-frequency 
impedance and capacitance values not conveniently measurable by frequency response 
analyzers or fast-Fourier transform methods. 

KEYWORDS: electrochemical impedance, polymer coatings, chronoamperometry, protec- 
tive coatings, corrosion control 

The objectives of this paper are to discuss some limitations of electrochemical imped- 
ance measurements in protective polymer coatings' assessment and to describe ways to 
surmount these limitations. Electrical and electrochemical methods provide useful infor- 
mation on protective polymer coating systems for metal substrates. Care must be exer- 
cised in selection and application of specific techniques so that erroneous information is 
not obtained and the test method does not measure self-induced damage. Surveys of 
electrical and electrochemical measurements as they have been applied to protective 
polymer coatings have identified techniques and reported data/results [1,2]. Representa- 
tive work [1-21], including several meetings and symposia, indicates strong interest in 
development of electrochemical impedance and electrical methods for protective coatings 
assessment. 

Coating evaluations by the described electrochemical methods were intended for high- 
performance protective systems. The coating systems studied were for long-term protec- 
tion or resistance to highly aggressive exposure conditions. Useful impedance measure- 
ments are difficult to acquire on such systems due to the high resistance and slow response 
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time to environmental exposure. Specific experimental techniques have been developed 
for these types of protective coatings. 

Three types of coating systems were studied: (1) fusion-bonded epoxy (FBE), (2) ma- 
rine-service epoxy, and (3) polyimide used in electronics applications. The coating sys- 
tems were evaluated as a function of exposure to water at elevated temperature or as a 
function of exposure time. 

High-performance coating systems have been characterized by a high impedance (IZI > 
109 [~.cm 2) at low frequency (f  < l0 2 Hz) under ambient laboratory conditions (20 to 
25~ 50% relative humidity (RH)), which decreased with exposure time to aggressive 
electrolytes [22] or elevated temperature [23]. These long-term, low-frequency impedance 
decreases corresponded to underfilm corrosion processes and coating degradation and 
were irreversible: The initial protective properties could not be regained by drying, clean- 
ing, or equilibration. Determinations of electrochemical and electrical properties using 
either dc or low-frequency ac methods under ambient laboratory conditions require tech- 
niques capable of high sensitivity, often necessitating operation of commercial instru- 
mentation in the lowest current range with low signal-to-noise ratio. Data obtained at low 
frequencies with impedance have been very useful for coatings performance predictions 
[2-10]. Significant difficulties can be encountered acquiring data near equipment sensitiv- 
ity limits. Guidelines for accommodating these difficulties may be extracted from the work 
of many researchers [2,3,6,8,11,14,22-24]; these include recommendations for specimen 
preparation, preconditions for measurements including bias potential and equilibration, 
and definition of appropriate test parameters such as voltage amplitude and low-frequency 
limit and validation of instrumentation measurement range. In this paper, we describe 
additional measurements that extend the limits of low-frequency measurements by use of 
chronoamperometric techniques. Low-current methods are useful ancillary methods, not 
intended to replace frequency-based measurements, which enable estimation of low- 
frequency impedance and capacitance values for coating systems not conveniently mea- 
surable by frequency response analyzers, lock-in analyzers, or FFT methods. 

Experimental 

Measurement Systems 

The two measurement systems were: (1) an electrochemical impedance spectrometer 
based upon a frequency response analyzer connected to a computer with a potentiostat/ 
current-follower, and (2) a computer-controlled electrometer. 

Electrochemical Impedance--Data were obtained from a system consisting of an 
EG&G Princeton Applied Research Corp., Model 173/179 potentiostat with computer- 
controlled Solartron 1250 frequency response analyzer. The impedance spectra were de- 
termined from 65.5 kHz to 3.1 mHz. The input amplitude was 15 mV above 100 mHz and 
50 mV below 100 mHz. The impedance limits for the measurement systems were 101~ 
12-V 1 and 150 pF (a 0.01 V applied voltage enabled measurement of l0 s l) for system 
capacitance greater that 150 pF). A diagram of the impedance measurement system is 
shown in Fig. 1. In one experiment, a final impedance spectrum was obtained using a 
500 mV input amplitude for the fusion-bonded epoxy (FBE) specimen. 

The electrochemical cell was a glass cylinder clamped and o-ring sealed to the specimen 
surface. The seal exposed 8.8 cm z of specimen surface to the distilled water test medium. 
The reference electrode was Ag/AgCI, and a carbon rod served as the counter electrode. 

Studies were conducted on separate sets of specimens, each at room temperature (RT) 
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FIG. 1--Electrochemical impedance system. 

and at one of three elevated temperature excursions (40, 60, or 80~ The FBE was 
evaluated at RT and only one elevated temperature, 80~ The typical sequence consisted 
of: (1) the impedance spectrum taken at RT (this procedural step was designated RT1.); (2) 
the specimen incubated at the test temperature for 1.5 h and the impedance spectrum 
taken at the elevated temperature (this step was designated by the temperature used, e.g., 
80~ (3) the specimen equilibrated at RT for 1.5 h and a spectrum recorded (this step was 
designated RT2); and (4) specimens equilibrated at ambient laboratory conditions (22~ 
and 50% RH) for 1 week and a final spectrum recorded (this final step was designated 
RT3). 

Additional impedance measurements were made using powdered graphite as the con- 
ductive phase between the specimen and counter electrodes to determine the response 
without an electrolyte or water. 

Chronoamperometry--A diagram of the chronoamperometry system is shown in Fig. 2. 
The cell configuration was two-electrode with the reference electrode (<10 k~) serving 
also as the counter electrode. A small amplitude (0.3 to 2.0 V) direct voltage was applied 
to the specimen while monitoring the current with a sensitive current measuring device, a 
Keithley Model 617 electrometer with 10-16 A sensitivity, 2 pF input capacitance and 0.33 
to 2.0 s measurement time (range dependent). The current versus time curve obtained was 
analyzed for resistive and capacitive components. A simple model circuit was assumed for 
preliminary data analyses (Fig. 3 and Eq 1). 

R 1 
FIG. 2--Chronoamperometry system. 
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I(t) V( 1 1 ) -(R~+n2), V = e RtR2C~ + -  (1) 
2 R1 + R: R1 + R2 

A minimization procedure was used to determine the bias potential for the system before 
beginning the current versus time measurements. The procedure consisted of applying a 
potential (initially 0 V versus Ag/AgC1), measuring the coulombs for a set time of 10 s, 
adjusting the applied potential,  and repeating until a minimum coulomb measurement was 
obtained. The bias potential obtained corresponded well with the expected corrosion 
potential or with the corrosion potential obtained by direct measurement of an equilibrated 
specimen. 

Specimen Preparation 

Solvent-Based Epoxy--Specimens were prepared from 10 by 20 by 0.05 cm SAE-1010 
steel panels. The panels were wet ground with 240 grit SiC paper and rinsed with ethanol. 
Epoxy primer MIL-P-24441/1 was applied by draw bar at a thickness of  0.015 cm wet. 
Some panels were allowed to air-cure overnight; the remaining panels were oven-cured at 
85~ for 1 h. Two coats of epoxy topcoat MIL-P-24441/5 were applied by draw bar at 
0.018 cm wet thickness. The first topcoat was allowed to air-cure overnight for those 
specimens with air-cured primer. The final coat  for the air-cured specimens was allowed to 
air-cure 1 week. The two additional topcoats of oven-heated primer specimens were each 
cured at 85~ for 1 h. The panels were cut into 5 cm squares. Final dry thicknesses ranged 
from 0.017 to 0.024 cm, +-2%, measured with an Elcometer Model 150 electronic magnetic 
thickness gage. 

Polyimide--Substrates for polyimide specimens were also prepared in the same manner 
as the solvent-based epoxy, but were cut into 5 cm squares before applying the coatings. 
The polyimide was applied by spin-coating, followed by a cure of 12 min at 85~ and 
20 min at 200~ Cured film thicknesses were 0.001 cm measured with a magnetic thick- 
ness gage. 

Copyright by ASTM Int'l (all rights reserved); Tue Dec 29 00:51:18 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



454 ELECTROCHEMICAL IMPEDANCE 

FBE--The precoated specimens were obtained from a commercial coatings supplier and 
prepared by the supplier following the recommended specifications. Materials were those 
typically used for pipeline and concrete reinforcing bar coatings applications. The coatings 
application process generally consisted of heating the specimen above the cure tempera- 
ture of the epoxy system, electrostatically spraying the powdered coating material onto the 
heated metal substrate followed by additional heat-cure at 230~ for approximately 
10 min. Cured film thicknesses ranged from 0.035 to 0.040 cm as determined by the 
supplier and verified with a magnetic thickness gage. 

Results 

Electrochemical Impedance 

Data generated from impedance measurements are summarized in Figs. 4 through 8 for 
each of the coating systems. The sets of data for each coating are given as Bode magni- 
tude plots, where the logarithm of the absolute value of the impedance (log IZI) was plotted 
versus the logarithm of the frequency. Figure 8 shows the Bode phase data corresponding 
to the Bode magnitude information in Fig. 7. The plot labeled RT1 was the first measure- 
ment at RT. The plots labeled with elevated temperature (40, 60, or 80) were for spectra 
obtained at the indicated temperature. The plot labeled RT2 was the impedance spectrum 
after the specimen returned to RT. The plot labeled RT3 was the impedance spectrum after 
the coating was exposed to air for 7 days at RT. In the case of the FBE, the ambient air 
exposure was not performed because the RT2 data were identical to the RT1 data and the 
immersion tests were continued for longer duration. 
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FIG. 4--Impedance data for air-dried marine-service epoxy. 
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FIG. 6--Impedance data for polyimide. 
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FIG. 8--Impedance data (phase angle)for fusion-bonded epoxy. 

Chronoamperometry 

Typical data obtained with the amperometric technique are shown in Fig. 9 for the FBE 
specimen. Additional results are given in Table 1 showing values for repetitive measure- 
ments and after further immersion times. 

A set of measurements was obtained using a standard cell consisting of R, = 2.5 x 
10 '1 f~, C1 = 22, 33, or 55 pF and R2 = 10" fZ (Fig. 2 notation), and 0.5, 1, or 2 V applied 
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FIG.  9--Chronoamperometric data for fusion-bonded epoxy. 

TABLE l--Chronoamperometry results for 0.035 cm fusion- 
bonded epoxy coating on steel. 

Time, d Trial C1, pF R1, TO R:, TO 

1 342 0.19 0.0078 
2 99 0.33 0.18 
3 83 0.36 0.22 
4 83 0.36 0.21 

1 30 3.8 0.45 
2 29 3.9 0.47 
3 28 2.0 0.46 
4 27 1.8 0.50 

1 33 4.7 0.53 
2 34 2.6 0.52 
3 34 3.2 0.51 
4 33 2.2 0.49 

1 33 1.7 0.56 
2 31 1.7 0.62 
3 31 1.6 0.61 
4 31 1.8 0.65 

NOTE: TO = 1015 O 
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TABLE 2--Standard circuit results. 

Step Voltage, V 

C~. pF 0.50 1.0 2.0 

22 25 25 25 
33 34 35 35 
55 58 55 56 

NOTE: Measured resistances were _+ 10% of rated values. Ex- 
perimental conditions are being modified to minimize noise and 
to establish stable initial conditions. 

voltages. Results are listed in Table 2. Representative plots of measured data (curve a) and 
modeled data (curve b) are shown in Fig. 9. 

Discussion 

The impedance data for each coating system showed consistent results. During the 
relatively short duration (4.5 h) required for obtaining a measurement set including the 
elevated temperature, the decrease in low-frequency impedance was reversible. Typical 
behavior of impedance at various times (isothermal) is shown in Fig. 10, where a polybuta- 
diene coating system degraded irreversibly and yielded lower impedance values in the low- 
frequency range. The short-term, reversible impedance behavior as a function of tempera- 
ture shown in Figs. 4 through 8 is the "hydrothermal impedance response." The detailed 
properties for this phenomenon have long been under investigation in our laboratory. 
Generally, the hydrothermal impedance response required the presence of water (graphite 
experiments discussed in the following paragraphs) and was not apparently related to the 
coating glass transition temperature or thermal expansion coefficient. Some additional 
details are given later in this paper. 
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Impedance data for the coating systems showed that the coatings fell into two classes: 
The marine-service epoxy specimens (Figs. 4 and 5) showed a large (105) change in the 
low-frequency impedance when the temperature of the test cell was increased, and the 
polyimide (Fig. 6) and FBE (Figs. 7 and 8) showed relatively small changes (<103) under 
the same conditions. The significance of these observations to appraising the protective 
properties of coatings using EIS in terms of polymer/water interactions has not yet  been 
fully determined. However ,  for an initial test, a set of four epoxies coated on steel to the 
same film thicknesses were exposed to 100% RH for 24 h. The epoxies were formulated 
with different crosslink/hydrophobe starting material combinations. Impedance measure- 
ments were made with specimens from the same batch but were not used for the humidity 
test. Two epoxies yielded low-frequency impedance values at 60~ >109 12.cm 2 versus 
<106 f~-cm: for the remaining two epoxies. The data are presented in Table 3. Those 
specimens coated with materials having the lower values showed extensive underfilm rust 
spots whereas those with higher values revealed no evidence of corrosion. Additional tests 
are underway. These observations are likely to have a strong relationship to the effects of 
exposing polymer-coated metal to the natural environment and investigation of the phe- 
nomenon should provide a better  understanding of long-term protection mechanisms by 
organic coatings subjected to cyclic exposure or ambient conditions. 

Experiments with the epoxy/polyamide and with polyimide coatings, in which tempera- 
ture-dependent impedance measurements were made using a dry conductive phase of 
powdered graphite between the coated metal and the counter electrode, have shown that 
part of the observed impedance behavior was due to water adsorbed by the coating under 
non-immersed conditions (22~ 50% RH), and that most of the large impedance change 
versus temperature at low frequency was due to the presence of water. 

The examples provided imply that correlation of hydrothermai properties with coatings 
performance would enable more detailed mechanism determination of the role water plays 
in protective coating degradation. This approach is particularly useful when high resis- 
t ivity/measurement sensitivity considerations cause difficulties at ambient laboratory tem- 
peratures. Elevation of  coated specimen temperature to reasonable service temperature 
values (___ 10~ accelerates or enhances water uptake and increases system conductivity 
to more easily measured ranges. 

Another aspect  of electrochemical impedance experiments should be considered with 
respect to data shown in Fig. 7. The data scatter observed for RT measurements at low 
frequencies and high-impedance values was characteristic of low signal-to-noise ratio. 

TABLE 3--Hydrothermal response and corrosion properties. 

Log R* (60~ Rust observed 
3.1 • 10 3 24h, 100% 

Epoxy/Cure Agent Hz RH 

DER 332/TETA 9.3 No 
DER 332/UNIREZ 2140 9.5 No 
DER 736/TETA 4.6 Yes 
DER 736/UNIREZ 2140 5.2 Yes 

*See Fig. 3. 
NOTE: DER = DOW epoxy resin (Dow Chemical Corpora- 

tion). DER 332 = diglycidylether of bisphenol A. DER 736 = 
aliphatic diepoxy. UNIREZ = polyamide (Union Camp Com- 
pany). TETA = triethylenetetramine. 
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There was no clear separation of signal-from-noise. This difficulty is more evident in the 
phase angle data for the FBE specimen (Fig. 8). Note the large scatter at low frequencies, 
particularly for RT1 and RT2. The spectrum labeled RT2 was obtained using an input 
amplitude of 500 mV. The data scatter due to noise is much reduced. However, the use of 
such high amplitudes for general evaluation of coating systems should be approached 
cautiously. Figure 11 shows the damaging effect of repetitive cathodic polarization scans 
on an epoxy-coated specimen having a small uncoated defect [18]. A coating system can 
be damaged by large polarization potentials or controlled current techniques in which the 
potential is not limited to small values [9,25]. Applied potentials above 100 mV should be 
used cautiously. Controlled current techniques require more caution since the applied 
potential may easily exceed I00 mV unless potential limits are imposed. The damage is 
caused by cathodic processes under coatings and has been extensively studied [25-27]. In 
a specific study involving cathodic polarization and impedance measurements, the degra- 
dation was distinctively evident [9]. The cathodic portion of an applied waveform gener- 
ates hydroxide beneath the coating at small polarizations from the equilibrium potential. 
The cathodic charge participating in the cathodic reaction, the flux of reactants and the 
hydrolytic stability of the organic bonds contribute to the probability of coating damage. 

Chronoamperometry represents an alternative to increasing the applied potential for 
impedance measurements. The results for the FBE can be obtained at polarization poten- 
tials not likely to cause coating system damage. In addition, measurements can be made 
quickly for estimation of very high impedances. For example, Fig. 9 shows the data and 
calculated values of resistances and capacitance for the same FBE system whose imped- 
ance data were shown in Figs. 7 and 8. The calculation was based upon the 3-component 
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FIG. 11--Potentiodynamic scans (dc) inducing coating damage in epoxy-coated copper 
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equivalent circuit shown in Fig. 2. The equivalent circuit was a reasonable model for the 
specimen based upon the electrochemical impedance data for the specimen. Note that 
after the initial portion of the current decreased, appreciable deviation was observed (Fig. 
9, curve c versus curve d). An additional model using a transmission line component 
provided an apparent better correlation (Fig. 9, curve e). Other models may also provide 
useful correlations. Discussions of appropriate methods for modeling chronoamperometric 
data and detailed comparison to impedance data are beyond the scope of this paper and 
will be the subject of future work. The most interesting comparison of the impedance and 
chronoamperometric results was the value for the low-frequency impedance, 0.2 TO (T = 
10~5). Figures 7 and 8 are sensitivity limited, versus the value for R~, 2.0 Tfl (Fig. 9 and 
Table 1). Also, the impedance spectroscopy method yielded approximately 45 pF after 
correction for the measurement system impedance versus 30 pF for amperometry. The 
chronoamperometric approach provided greater sensitivity than the impedance method. In 
this comparison, the sensitivity limit for the chronoamperometric measurements permitted 
the determinations of approximately 10 3 t o  10  5 greater impedance values than electrochem- 
ical impedances at low frequencies using currently available measuring equipment. Most 
recent commercial impedance systems are capable of providing an increase in sensitivity 
by factors of 10 to 500 over the system used in this study. Special specifications for highly 
resistive materials may be required to enhance commercial impedance systems beyond 
current standards and would result in less useful systems. Also, data acquisition time 
needed for frequency response analyzer and lock-in analyzer methods would likely be long 
for high-resistance specimens. Therefore, alternatives to the commercial systems should 
be considered. The chronoamperometry method development and comparison to electro- 
chemical impedance methods are being pursued with the intent of examining complemen- 
tary applications [28]. 

Summary 

Electrochemical impedance and electrical measurement technique limitations based 
upon sensitivity or measurement period considerations and possible coating damage due to 
excessive applied voltage have been presented. An experimental approach for comple- 
mentary use of electrochemical impedance and chronoamperometry in the evaluation of 
high-performance protective organic coatings has been described. Hydrothermal effects 
have been described and provide a useful approach to coating characterization. 
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DISCUSSION 

M. Kendig 1 (written discussion)--In trying to improve the sensitivity of the impedance 
analysis to high impedance system, the authors should consider the following alternatives: 

(1) Use a higher surface area sample. 
(2) Apply LaPlace Analysis to the data to back out an impedance spectrum. 

~Rockwell International Science Center, Thousand Oaks, CA 91360. 
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Improved Coatings Testing and Evaluation 
Using Electrochemical Impedance 
Spectroscopy 

REFERENCE: Kamarchik, P., "Improved Coatings Testing and Evaluation Using Electro- 
chemical Impedance Spectroscopy," Electrochemical Impedance: Analysis and Interpreta- 
tion, ASTM STP 1188, J. R. Scully, D. C. Silverman, and M. W. Kendig, Eds., American 
Society for Testing and Materials, Philadelphia, 1993, pp. 463-474. 

ABSTRACT: Electrochemical impedance spectroscopy (EIS) of automotive and general 
industrial electrodeposited coatings and of container interior coatings for beverage and food 
end-uses is described. We have correlated the electrochemical impedance data with tradi- 
tional test data from exposure testing ranging from continuous salt fog to cyclic scab corro- 
sion, artificial sauerkraut exposure, canned pet food exposure, and food processing condi- 
tions. Changes in the impedance spectra after exposures of only a fraction of the usual 
exposure time were generally well-correlated with visual examination of the test panels after 
completion of the usual length of test. The impedance spectra permitted an early observation 
of film deterioration even though no visually observable changes had occurred. 

KEYWORDS: electrochemical impedance spectroscopy (EIS), coatings, paint, corrosion, 
cure, crosslinking, pretreatment 

The traditional method for evaluating the ability of a coating to protect a substrate from 
a corrosive environment is to expose coated test panels to either the actual service 
conditions or to an environment that is chemically designed to model the actual service 
environment yet accelerate its effects. After exposure times, which can be considerable 
(even the major portion of the overall product development time), the panels are visually 
examined for signs of deterioration of the coating and attack on the substrate. In the case 
of container interior coatings, foods or other products are packed in the cans and stored 
for up to two years before the coatings can be evaluated. The obvious drawback to this 
kind of testing is the time required and the possibility that modes of failure entirely 
different from those seen in the service life may result from the use of aggressive test 
conditions. In addition, this kind of evaluation procedure gives little or no information on 
the chemical processes taking place which affect the type and rate of failure. Electrochem- 
ical impedance spectroscopy (EIS) offers an approach that promises to reduce the time 
needed to evaluate formulations and gives insight into the chemical nature of the failure 
mechanism. 

Virtually all coating product types use some kind of accelerated testing in which the 
coating is subjected to a corrosive environment. Our current work includes electrodepos- 
ited automotive primers and industrial one-coat finishes, coil coatings, and container 
interior formulations for beverage and food cans. We have correlated the electrochemical 
impedance data with traditional test data from exposure testing ranging from continuous 

tSenior research associate, PPG Industries, Inc., Allison Park, PA 15101. 
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salt fog to cyclic scab corrosion, artificial sauerkraut, canned pet food exposure, and food 
processing conditions. In this paper, three coating projects where EIS played an important 
role in the coating formulation development or problem resolution will be discussed in 
some detail. This paper is meant to provide a survey of the utility of EIS in our laboratory. 

Of particular interest to the automotive and industrial electrodeposition product lines is 
the effect that the electrodeposition process has on the phosphate pretreatment previously 
applied to the metal and the subsequent influence on coating system performance [1-3].  In 
this case, the EIS data not only allowed an early evaluation of the corrosion resistance of 
the overall coating system, but helped suggest mechanisms that may explain the observed 
improvement in performance for low levels of pretreatment dissolution. 

Another project concerned a concept involving almost all coatings product lines, that is, 
extent of cure. The idea of complete cure, as used by a coatings chemist, is not synony- 
mous with exhaustion of  all chemically reactive functional groups. In fact, some systems, 
when at optimum performance level, called "full-cure," have more than half of  the 
potential reactive functionality remaining. What is important is the ability to measure 
degrees of  cure relative to that of  a coating cured to a desired level of performance 
properties. For a particular coating system using mixed epoxy and acrylic backbone 
polymer types, the low-frequency limit impedance observed after the coating was exposed 
to a boiling solution of 3% aqueous NaC1 acidified with lactic and acetic acids correlated 
well with a theoretical relative degree of cure based on an approximate kinetic model and 
knowledge of the temperature profile during the curing bake. These impedance values also 
correlated well with T e data as obtained from thermomechanical analysis [4]. 

In the third project to be discussed, we made use of EIS to get an early evaluation of 
container interior coating quality. In some cases, this has been correlated to long-term 
packed can evaluations. It has been demonstrated that, under shelf storage conditions, the 
rate of decrease of the low-frequency impedance can be correlated to shelf life [5]. An 
accurate determination of  the rate, however, can take weeks or even months. Our evalu- 
ation, though not yet verified by many long-term tests, suggests that accelerated aging 
conditions coupled with EIS measurements can effectively differentiate formulations in 
tests of  less than one day duration. 

Experimental 

The equipment used for all the experiments described in this paper is an EG&G PAR 
model 273 potentiostat/galvanostat and a Solartron 1255 frequency response analyzer. 
These components are interfaced to an IBM PS/2 model 30 computer. Most experiments 
involved single-frequency measurements from 100 000 Hz to 5 Hz combined with a multi- 
frequency technique that gave data in the 10 Hz to 0.1 Hz range. The multi-frequency 
Fourier transform technique was used at low frequencies to shorten the analysis time. 
Occasionally, experiments were done to frequencies as low as 0.01 Hz, but, in the system 
under study, little additional information was obtained. The signal amplitude was usually 
10 mV in both the high-frequency and low-frequency ranges, but for the initial measure- 
ments on good coatings and for those that showed little deterioration, the low currents 
obtained made it necessary to use 20 mV in the low-frequency region. The most useful 
data presentation style was the Bode log impedance versus log frequency plot. The 
corresponding phase angle plot was not usually found to be of additional value and has not 
been included in this paper. 

Coated test panels were prepared by applying the coating by electrodeposition or by 
"draw-down."  Electrodeposition is described elsewhere [6]. Draw-down application sim- 
ply refers to manually spreading a uniform layer of a coating over a substrate. 
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For experiments carried out on panels, a circular section of 1 cm 2 was exposed to the 
electrolyte in the PAR Instruments model K0235 flat cell. The electrolyte used was 5% 
aqueous NaCl in equilibrium with air. For experiments on container liners, the container 
was filled with either a 5% aqueous NaCl solution, as previously described, or with the 
material that will be commercially packed in these cans. Examples of these test solutions 
include soft drinks, diet soft drinks, sauerkraut, and various pet foods. The use of these 
types of test electrolytes is important, as we are currently attempting to seal counter 
electrodes into the packed food can so that measurements can be carried out without 
opening the can and terminating the pack test. In these experiments the can was filled with 
electrolyte with the counter electrode immersed in it. In this way the entire inner surface 
of the can became the working electrode. A Ag/AgCI reference electrode was also 
immersed in the electrolyte. 

Results and Discussion 

Phosphate Pretreatment Evaluation 

In the cationic electrodeposition coating process, the metal to be coated is made the 
cathode in an electrolytic cell, with the electrolyte supporting an aqueous dispersion of 
cationically charged polymer micelles [6]. Electrolysis of water raises the pH at the 
cathode to a level where the dispersion is destabilized and therefore coagulates onto the 
metal workpiece [6]. The high pH boundary layer at the metal surface has been found to be 
damaging to the crystalline phosphate pretreatment previously precipitated onto the metal 
surface [1-3]. The purpose of  this work was to determine what electrodeposition process 
variables affect phosphate dissolution and to determine how coating service performance 
would be affected. 

The experimental procedure involved controlling the applied voltage and electrolysis 
time for electrolyzing buffer solutions or electrocoat baths to give phosphate dissolutions 
varying from negligible levels to 80% of the initial weight deposited. These changes in 
phosphate were monitored by X-ray fluorescence. The coated panels were then subjected 
to either salt spray or cyclic scab corrosion conditions [7]. Failure was monitored by 
ordinary visual inspection and compared to EIS results. 

For a system of cold rolled steel/zinc phosphate/acrylic one-coat electrocoat, a phos- 
phate loss of 8 to 10% was observed for coating conditions typical of a properly func- 
tioning commercial electrocoat line. Salt spray and cyclic scab corrosion testing indicate 
improved performance for the electrocoated panel over the same coating spray-applied as 
a control, even though the electrocoated panel experienced as much as a 10% loss of its 
phosphate pretreatment. The rapid decrease in low-frequency impedance of the salt spray 
panels for this acrylic one-coat electrocoated system is indicative of poorer corrosion 
resistance for the spray-applied coating than for the electrodeposited coating. A compari- 
son of the impedance spectra show superimposable curves for the initial run through Day 3 
for the electrocoated panel (Fig. 1). The sprayed panel shows a significant drop in imped- 
ance after only one day and a drop of a factor of 100 by the third day (Fig. 2). This drop 
continues to the conclusion of the experiment, with the coating resistance at this time 
reduced to 0.2 x 10 6 ~~-cm 2. In contrast, although the electrocoated panel drops in 
impedance during the test, this drop is less rapid than that for the spray-applied coating. 

In addition, the EIS curve for the 22nd day for the electrocoated panel shows that, by 
this time, a diffusion controlled process has become an important part of the overall 
impedance. This is shown by the spectral region with a slope of about V4, which occurs 
from a log frequency of 2.5 to a log frequency of 1.0 and by the spectral region with slope 
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FIG.  2--Acrylic one-coat, spray-applied, salt-spray. 

of Y2 which occurs from log frequency of 1.0 to 0. This is not seen with the spray-applied 
coating. These data suggest that superior adhesion of the electrocoated paint creates 
resistance to the advancing front of corrosion products under the paint film. This type of 
under-film corrosion process has been shown to exhibit diffusion-controlled ionic conduc- 
tivity [8]. The data also suggest that poorer adhesion of the spray-applied film causes the 
corrosion products and film to be spalled from the panel allowing the impedance to be 
dominated by transfer resistance rather than coating resistance. This difference in per- 
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formance may be attributed to the electrical driving force associated with the electrocoat 
process that causes the filling of  pores in the pretreatment layer. There is no such driving 
force for a spray-applied coating. In fact, surface tension may act to keep the paint out of 
these pores. Additionally, the phosphate dissolution process being described may increase 
the number of these pores or increase their accessibility by removal of impurities or an 
amorphous or microcrystaUine surface layer. 

This hypothesis was tested on a second system, Hot Dipped Galvanized (HDG)/zinc 
phosphate/epoxy-based cationic primer. All phosphate loss in this experiment was due to 
the electrocoat process alone and was either 0% for the panels coated at 200 V or 7 to 8% 
for the panels coated at 280 V. The control was a draw-down on virgin phosphated 
substrate. For  this coating, after 33 days, the scab corrosion panels were evaluated for 
extent of corrosion and were ranked with the 280 V panel best and the 200 V panel slightly 
better than the draw-down but much worse than the 280 V panel. 

The salt-spray panels (also after 33 days) showed failure confined to the scribe area with 
blisters over the scribe separated by little or no scribe creep. The 280 V panel was best  and 
showed a few blisters up to 5 mm diameter and at least some creep over 60% of the scribe. 
The 200 V panel had several blisters up to 7 mm diameter and at least some creep over 
75% of the scribe. The draw-down panel had a few blisters up to 6 mm diameter and at 
least some creep over 70% of  the scribe. The 200 V panel and the draw-down panel were 
therefore very similar in both tests with the 280 V panel being substantially better. 

Electrochemical impedance spectra were run on the electrocoated panels referred to 
earlier that had been subjected to cyclic scab corrosion. Even the initial values of the low- 
frequency impedance indicated differences among these panels. The values obtained at 
0.1 Hz were 3.31 • 109 ~).-cm 2, 1.10 • 109 f~-cm z, and 1.38 • 109 ~-cm 2 for the 280 V, 
200 V, and draw-down panel, respectively (Figs. 3-8). Several authors [7,9,10] have 
associated the impedance of the low-frequency plateau with inherent film quality. This 
low-frequency plateau represents the sum of the coating resistance, the transfer resist- 
ance, and the resistance of the electrolyte. Since the latter two resistances change little 
from coating to coating, changes in the low-frequency plateau represent changes in the 
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coatings. A higher initial impedance value and its maintenance over exposure time is 
indicative of few conductive paths through the film and hence improved corrosion resist- 
ance [7,11,12]. A comparison of the rate of decrease of impedance, seen in the EIS curves 
of Figs. 3 through 8, to the visual observation of corrosion described earlier shows EIS 
capable of early indication of failure. The visual observations showed difference in per- 
formance only after about 25 days of testing. The EIS spectra showed significant differ- 
ences in the degree of impedance decrease in only about three days. Those panels that 
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showed order of magnitude decreases in the first three test days ultimately failed by visual 
observation at 33 days of testing. At the same time, those panels that maintained their 
initial impedance for a week or more did not fail "after 33 days as judged by visual 
observation. 

Besides the initial low-frequency limit impedance, the change from a largely capacitive 
to a resistive film is also a measure of film integrity and, hence, corrosion resistance, For 
all three pane/types coated with the epoxy based primer, the impeOance spectra in Figs. 3 
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FIG. 8--Epoxy-primer, E-coat 280 V, salt-spray. 

through 5 are superimposable except at the lowest frequencies for the initial run through 
Day 25. By Day 33, however, a significant portion of the spectrum, for the panel coated at 
200 V, shows resistive behavior. The coating resistance was measured as 4.72 x 106 
l~-cm 2, a significant drop from the initial value of 1.10 • 109 l'~-cm 2. The panel prepared as 
a draw-down showed resistive behavior, by Day 33 over almost the entire spectrum, with a 
value which dropped from an initial 1.38 • 109 l)-cm 2 to 3.0 • 104 f~-cm 2. The breakdown 
of the film, which opens ion conductive channels, results in the vast changes in impedance 
noted earlier and accounts for the rapid acceleration of corrosion after an induction period 
[13,14]. 

There are two comparisons of interest in these data. The first is the similarity of the 
corrosion results, both visual observation and EIS spectra, for the draw-down and the 
200 V panels. Even though the coating application methods were different, the degree of 
phosphate dissolution was zero in both cases. The second comparison is between the two 
electrocoated panels. Here, even though the application method was the same and the film 
thicknesses were controlled to be equal, their performances were very different. It appears 
that the method of application is not important but rather that the difference in perform- 
ance is controlled by the amount of phosphate dissolution. Although it is possible that a 
change in the character of the coated film between 200 and 280 V specimens could account 
for the performance difference, these results suggest that an important role is played by 
the "etching" of the phosphate during electrocoating. 

Degree of Cure Measured by EIS 

Hybrid coating systems using both epoxy/blocked isocyanate and acrylic/melamine cure 
mechanisms were evaluated for degree of  cure by observing the decrease in the low- 
frequency limit impedance after the coating had received four days exposure to an aque- 
ous 3% NaCI solution acidified with lactic and acetic acids. The coating was electrocoated 
onto aluminum sheet stock and then cured, with a thermocouple attached to the metal to 
give the cure temperature profiles shown in Fig. 9. These measured profiles correspond to 
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oven set points of 120~ 165~ 205~ and 230~ Assuming that first-order kinetics apply 
to the cure reaction, and using literature values for activation energies of these reactions 
[15], integrated theoretical extents of  reaction could be calculated. With the cure obtained 
at the 205~ bake defined as full cure and assigned a relative extent of reaction of 1.0, then 
the other values become 0.76, 0.90, and 1.10 for the bakes at 120~ 165~ and 230~ 
respectively. 

EIS spectra were run with the conditions given in the previous experimental section. All 
four bake conditions gave a low frequency (0.1 Hz) impedance of about 6 • l0 s f /-cm 2 as 
an initial measurement before exposure to the test solution. After exposure, the panels 
were rerun and the ratio of the log of the observed low-frequency impedance to its initial 
value was calculated. This number versus the integrated extent of reaction previously 
discussed is plotted in Fig. 10. The approximately linear relationship can be used to 
calculate relative degrees of cure of test panels by nondestructively measuring the low- 
frequency impedance before and after exposure to a test solution. 

A more traditional method of assessing the cure of a coating is to measure the softening 
temperature by thermomechanical analysis. Figure 11 shows a plot of TMA softening 
temperature versus theoretical extent of reaction that confirms the varying extent of cure 
seen in the EIS result versus theoretical extent of reaction plot. 

Container Liner Evaluations 

In these experiments,  we are attempting to get a rapid evaluation of container interior 
coatings by accelerating the deterioration of the coating by exposure to food packing 
conditions, boiling foodstuffs, or other aggressive conditions. One example is pack testing 
containers with pet foods consisting of gravies of meat by-products.  (Pack testing refers to 
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FIG. 11--TMA transition temperature versus bake temperature. 

sealing the material of test into the cans using the conditions of temperature and pressure 
encountered in normal can filling, commercial  food processing lines.) These are generally 
very high in fats and salt content. In the packing cycle, temperatures as high as 120~ are 
obtained. A control can, with the standard coating, not exposed to the pet food packing, 
was run with 5% aqueous NaCl as the electrolyte. The EIS curve is shown in Fig. 12. This 
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6 

figure also shows the result for the same can run with the pet food as the EIS electrolyte. 
For  this can, the log low-frequency impedance is 7.0 (~-cm2). When pack tested with the 
pet food, this can gives the response shown in Fig. 13. Curves for both 5% NaC1 and the 
packed pet food used as the electrolyte are shown. The agreement between the EIS 
spectra of  these two electrolytes has led us to pack cans with an electrode sealed inside so 
that progress of the test can be monitored without destroying the can. These tests are 
currently in development.  The log low-frequency impedance of the standard product,  after 
pack testing, was 5.0 (f~-cm2), a substantial decrease from the control. By comparison, 
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experimental products,  in low- and high-film thickness versions, gave log values of the 
low-frequency impedances of 5.3 and 6.5 (~'~-cm2), respectively. These results correlated 
well with nine-month shelf tests that were done on these products. 

Similar testing is being done using a boiling solution of a diet cola product.  This test 
solution has been found to be very aggressive to many types of can liner formulations. 
Again, it is interesting that the standard product and four experimental container liner 
formulations gave very similar initial values of low-frequency impedance. Log impedance 
values ranged from 7.0 to 7.3 (f/-cm2), with the standard product control giving a value of 
7. I (~-cm2). After one hour exposure to the boiling diet cola however, the control had 
dropped to 6.8 (l~-cm2), while the experimental formulations had reached values of 6.6, 
5.7, 4.9, and 5.9 (l~-cm2). Thus a one hour accelerating procedure allows the EIS testing to 
discriminate among formulations where no visual difference or other measurement tech- 
niques discern a difference. Shelf testing is in progress on these coatings but these results 
have allowed the shifting of  research emphasis to the most promising formulation varia- 
tions. Thus far we have no long-term storage test results to correlate to the electrochemi- 
cal impedance results. 

Summary 

The purpose of this paper was to provide a broad survey of the kinds of problems that 
have been addressed by EIS. The easy adaptability of measurement techniques allows for 
a wide variety of specimen types to be run. It has improved our understanding of the 
corrosion control mechanism of automotive electrocoat primers, provided a convenient 
means of measuring cure, and has greatly shortened the development time of several 
coatings systems by providing valuable feedback on the quality of a coating in very short 
testing times. 
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