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Abstract 

Electrochemical techniques have potential for use in conservation, both to evaluate the 
protectiveness ofi existing coatings on metal artefacts and to evaluate potential new con
servation coatings. Three electrochemical methods have been examined in this study for 
their applicability to conservation problems. Corrosion Potential Measurement is simple 
but provides only minimal information on the corrosion processes occurring in an elec
trochemical system. Electrochemical Impedance Spectroscopy provides both mechanistic 
and predictive information on coating performance, but the data are complex to interpret 
and measurements require equipment that is at present too bulky for effective on-site use 
and beyond the budget ofi most conservation laboratories. Electrochemical Noise Mea
surement can be performed using cheap, portable instrumentation and theoretically re
quires relatively simple statistical processing and interpretation, making it attractive for 
conservation applications. This project looks at the development ofi a simple, low cost 
electrochemical noise measurement system for conservation needs, and uses it to com
pare Electrochemical Noise Measurement with the other two techniques. 
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Chapter 1 

The aim of the project 

The conservation of historic objects as a professional discipline with a £rm basis in ma

terials science is a relatively new field. Emerging from a traditional craft base in the 

1930s, conservation focussed initially on objects with a high perceived value and/or rar

ity such as artworks and archaeological treasures[18]. As the discipline became more 

established it developed new areas of: specialisation - paper, textiles, photography and 

less valuable objects (often from relatively recent social history collections) were stud

ied to determine how they deteriorated and how such deterioration could be slowed or 

repaired. It was recognised that the environments in which objects were housed were 

critical to their preservation and fundamentally influenced the degradation mechanisms 

which affected them[52]. In more recent years twentieth century materials and collec

tions have increasingly been studied, as synthetic materials and novel metal alloys render 

older preservation techniques inappropriate or useless. 

One area of: development in the field is an increased awareness of: the importance of: 

original surfaces, particularly paint coatings. Where once it was assumed that a paint coat

ing was worthless if: it was no longer protective to the metal substrate, it is now becoming 

recognised that original paint schemes contain a wealth of: historic information[4]. Not 

only do they record the aesthetics of: the time the object was created or used, but they 

preserve evidence of paint technology, including details which were often not recorded at 

the time, or which may have varied substantially from published formulations. 

The genesis of: this project was a desire to overcome the difficulties which are faced 

by conservators trying to preserve metal artefacts with coatings in heritage collections. 

The problem is twofold and comes from the need to both preserve the past and predict 

the future. In preserving the past, conservators need to understand the condition of: ex

isting historic coatings on metals to be able to determine the best treatment for both the 
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coating itself and the metal it covers. In predicting the future conservators need to be able 

to assess the likely performance of modem coatings they may apply to protect historic 

metal surfaces. In both cases an understanding of coating performance under appropriate 

display and storage conditions is essential to determine a suitable treatment or preventive 

conservation regime for the object being protected. 

For artefacts which have their own historic coatings - often containing a wealth of 

information about the technology and aesthetics of their times - the conservator's first 

assessment of the condition of the coating and underlying metal is usually visual, eval

uating any chalking, blistering, flaking, or obvious corrosion. The type and morphology 

of any visible corrosion can sometimes allow a rough estimation of the likely speed of 

the corrosion process. For example the visually distinctive corrosion products associated 

with chloride in copper alloy corrosion and with organic acids in lead corrosion indicate 

that the corrosion reaction is relatively fast and destructive and are a clear signal that the 

object should be removed from or protected from environments containing these aggres

sive elements[28]. Some aggressive species, such as the chlorides mentioned above, can 

be detected using simple chemical tests[129]. Samples of corrosion can also be analysed 

using more complex instrumental techniques, such as X-ray fluorescence, to identify the 

presence of aggressive ions, or X-ray diffraction to determine the mineralogy of the cor

rosion products[61]. These diagnostic procedures are helpful in determining whether the 

object needs treatment to render it stable, but they are essentially reactive, occurring in 

response to damage which has already occurred. 

The use of more proactive techniques - those able to identify corrosion in its very 

early stages, or even pick up pre-corrosion symptoms - in conservation however, is 

fairly rare. Letardi[69] for example notes that Electrochemical Impedance Spectroscopy, 

an electrochemical technique known for its ability to rank coatings and predict their future 

performance, has only occasionally been used in the cultural heritage field in the last few 

years. 

The condition of historic coatings and their ability to protect a metal substrate varies 

with the age and type of coating, the life history of the object and the measures taken to 

preserve the object in the museum environment. MacDonald [73] notes that even struc

tures which are nominally the same (for example vehicles of the same model) quickly 

become unique systems in terms of corrosion damage, due to the unique set of operating 

conditions and environments they experience. An objective, non-destructive method is 

needed for monitoring corrosion over a long period, detecting corrosion concealed under

neath an apparently intact coating, or proving a metal is stable even though its original 

coating appears to have deteriorated[72, 45]. 
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If the metal is not corroding, treatments to preserve the historic coating itself can be 

undertaken. In the event that corrosion is occurring and the coating must be removed, 

possible replacement coatings must be compared and evaluated. The performance of 

commercial coatings on historic objects is difficult to assess using data obtained under 

standard conditions, as historic objects can rarely be subjected to the normal industrial 

processes of surface preparation or coating application. Conservators therefore need to 

be able to evaluate coatings both on the objects themselves and on test samples which 

simulate museum preservation procedures. 

The problem of evaluating modem coatings for conservation work can be addressed 

with accelerated performance tests and long-term, field exposure testing, but both these 

methods have drawbacks. Accelerated performance tests do not correlate satisfactorily, 

in many cases, with field exposure tests[31, 88] and field exposure tests take a long time 

to yield results[135]. As many museum and gallery conservation projects start with the 

choosing of an object for an exhibition which is due to open in the next six months, there 

is usually minimal time for coatings to be tested before they are used for treatment. Here 

again, a more accurate and convenient method of coating evaluation is needed. 

The ideal technique for conservators to use in evaluating the condition of coatings on 

metals would have the following characteristics: 

• speed - conservators usually have limited time for materials testing and, as men

tioned above, exhibition deadlines often restrict the period available for research; 

• accuracy/objectivity- it is sometimes difficult to believe that an old coating can 

still be adequately protective, while testing and comparison of new coatings -

especially where the results will be published - must both be and be seen to be as 

objective as possible; 

• predictiveness - it is useful to know how soon corrosion is likely to occur so that 

steps can be taken to avert deterioration of the object; 

• non-destructiveness - it is generally not acceptable to destroy or damage a historic 

artefact while testing it; 

• low cost - conservation laboratories rarely have extensive funds for testing and 

research; 

• simplicity/ease of use and interpretation ofresults - many conservators have lim

ited experience of scientific techniques and only a basic understanding of statistics, 

as these skills are not a major part of conservation training; 
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• portability ofiequipment-many objects need to be tested on site, for example stat

uary and other external displays, building components and large objects in storage 

areas. 

This study was undertaken to identify a technique for evaluating coating performance 

which would fulfil as many ofithe above criteria as possible. 

12 



Chapter 2 

The electrical nature of 

electrochemistry 

2.1 Electrical theory and electrochemistry 

All electrochemical investigative techniques utilise the fact that electrochemical cells be

have essentially as natural electrical circuits. They both produce their own electrical cur

rents and respond to applied currents as a set of electrical circuit elements, and they can 

therefore be manipulated and analysed in terms of electrical circuits. As it is hoped that 

this thesis may become a useful working document for conservators undertaking electro

chemical work, a brief discussion of key electrical ideas and terms is presented below to 

assist conservators who may have a limited background in this area. 

Electrical current consists of a flow of electric charge (such as that carried by elec

trons) through a conducting material. Because of their charge electrons move.in response 

to electric fields originating from other electrical charges, each electron repeatedly be

ing moved by the field until it is stopped by a collision with an atom within the con

ductive material. Electrical potential difference (E), or potential (measured as work per 

unit charge or volts (V)) is the work done in moving an electron from one point to the 

other[ll9, 19, 116]. Current and voltage can both occur as either direct or alternating 

signals, and both are referred to as direct current (DC) or alternating current (AC). 

A DC signal has constant amplitude - it does not vary periodically with time but 

changes only when the conditions that generate it change. An AC signal is periodic, 

regularly reversing the direction of charge flow in a period ( or cycle) that has a consistent 

duration known as its frequency. The size of the signal at the peak of each cycle is known 

as its amplitude[53] (see Fig.2.1). 
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Figure 2.1: Diagram OD DC and sinusoidal AC signals, showing amplitude, period and 
phase 

The frequency ofon AC signal is expressed in hertz (Hz) and DC signals can be said to 

be a special case oDAC signals where the frequency is 0Hz[120]. Theoretically however, 

AC signals can have infinitely slow cycles or periods (low frequencies)and there is no 

absolute point at which an AC signal becomes a DC signal. This means that the definition 

oDthe time period which is regarded as DC often depends upon the work being undertaken. 

Researchers working with AC signals oDkHz or MHz for example often regard any signal 

below 1 0Hz as DC. This point is important for electrochemical work, as many OD the 

signals carrying important information are at very low frequencies, and the cut offipoint 

for measurements may well affect the information obtained from experiments[2]. 

Electrical currents and potential differences can be modified by a variety OD circuit 

elements, the most important to the study oDelectrochemical reactions being resistors and 

capacitors[l20]. Resistors are composed oDmaterials which offer a resistance to the flow 

OD electrical charge. The resistance is due to multiple collisions between atoms in the 

resistor and the charged particles passing through the resistor. Resistance is expressed 

in ohms (Q). The relationship between voltage, current and resistance in the case OD an 

ohmic system, is given by Ohm's Law 
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V=IR (2.1) 

where Vis the voltage, expressed in volts (V) , I is the current, expressed in amps (A), 

and R is the resistance. 

Capacitors are elements in which two conductive components are separated by a non

conductive component ( called a dielectric). The build up of charge on the conductive 

components is proportional to the potential difference between them. The constant of 

proportionality is called capacitance and is expressed by the equation[19]: 

(2.2) 

where C is the capacitance, expressed in farads (F), q is the charge on the capacitor 

and 8V is the voltage across the capacitor. 

Both resistors and capacitors impede the flow of electrical current, but whereas the 

value of the resistance created by resistors is independent of frequency and only changes 

the amplitude of the current signal passing through it, the value of the "resistance" caused 

by capacitors is frequency dependent, effectively blocking DC signals and changing both 

the amplitude and the phase between the voltage and current AC signals. ("Phase" refers 

to the position of the signal at a particular point in time; sinusoidal signals with the same 

frequency which pass through zero at the same time are said to be in phase, while si

nusoidal signals with the same frequency which pass through zero at different times are 

said to be out of phase (see Fig. 2.1 ). The phase angle is the portion of a single cycle 

completed by a signal, a single cycle being a full circle -27t radians [19].) The effect of 

resistive and capacitive elements together on a signal is called impedance (also expressed 

in ohms but with the symbol Z)[120]. 

The impedance of a system contains two pieces of information about a signal. These 

can be seen either as the magnitude (modulus) and phase angle of the signal, or as the 

resistance and reactance of the system (reactance being the part of the impedance which 

is caused by the presence of capacitance or inductance[53]). The latter aspects are com

monly represented using a "complex number", a convention which considerably sim

plifies the mathematics of impedance calculations. Complex numbers contain a "real" 

component ( associated with resistance) and an "imaginary" component ( associated with 

reactance ). A complex number is written as a+ jb, where a is the real component, b the 

imaginary component and j = J=T1 

1 j is used to denote the imaginary number. In mathematics, this number is normally written as i. In 
electronics and electrochemistry j is used instead to avoid confusion with current[96]. 
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Figure 2.2: Relationship between voltage, current and complex impedance 

Complex numbers are often plotted as a vector on a two-dimensional plane; the real 

component lying along the x-axis and the imaginary component along the y-axis. This 

representation relies on the relationship ei9 = cos0+ jsin0. This relationship means that 

Z =a+ jb is the same as Z = IZI ei9 where IZI = ✓ a2 + b2 and tan 0 = b / a. An AC current 

can therefore be represented by I = Ioefrot, where Io is the amplitude of the current, t is 

the time and co is the angular frequency. 2 

Using complex numbers to represent impedances allows Ohm's law to be applied to 

circuits which interact with AC signals: Ohm's Law is rewritten as V = HZ, where Z is the 

impedance. If Z = IZI ei9 then V =I~= Io IZI el( rot+e) and, hence, IZI plays the part of a 

resistance and 0 the part of a phase shift. This relationship is shown in Fig. 2.2. A resistor 

is considered a special case of impedance with no imaginary component- and, therefore, 

no phase shift - and its impedance is therefore equal to its resistance. The impedance 

of a capacitor has an imaginary component dependent on both the frequency of the signal 

passing through it and the capacitance, but it has no real (resistive) component[96]. 

Also relevant to electrochemical reactions are Constant Phase Elements (CPEs, sym

bol Q) and inductances. Electrochemical systems frequently display behaviour which is 

similar to capacitance, but not quite the same. CPEs symbolise these non-ideal capac

itances (see definition in 3.2.1). Various explanations have been put forward to explain 

CPE behaviour, including variation in the surface roughness of the electrodes and vari

ation in the thickness and composition of a coating ( differences in the conductivity of 

different regions of a coating, for example, can result in CPE behaviour). The common 

element between the different explanations seems to be the presence of inhomogenity in 

some property of the system under study[36]. 

2The angular frequency is the distance around a circle that has been travelled in one time unit. If f is 
the frequency, then ro = 2rc/ measured in radians per second 
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Electrochemical systems also sometimes display behaviour which is similar to induc

tance. Current in an electric circuit is accompanied by a magnetic field. Changes in the 

current cause changes in the magnetic field, and this induces a potential difference be

tween different points in the circuit (this potential difference is known as electromotive 

force to distinguish it from the potential difference across a resistor which is defined by 

Ohm's Law). The value ofahis inductance (symbol L, expressed in Henrys (H)) depends 

on the size and shape ofahe circuit and the magnetic properties of materials in the vicinity. 

The induced electromotive force opposes the changes in the current, and therefore has a 

buffering action which slows the rate ofohange. In contrast to capacitance, the magnitude 

0£ an inductance increases with increasing frequency[19]. Silverman comments that in

ductance in electrochemical systems should more correctly be called pseudo-inductance, 

as the processes creating the effect are probably not directly analogous to real electrical 

inductors [ 120]. 

Relating electrical theory to electrochemical systems, Pye et al [ 100] note that a "char

acteristic 0£ the electrode/electrolyte interface and its equivalent circuit is its tendency to 

oppose or restrict the flow ofoharge as a function ofahe frequency ofahe applied current or 

voltage". In other words, an electrochemical system is analogous to an electrical circuit, 

comprising elements which behave as resistors and capacitors and which therefore pass or 

obstruct charge flow according to the frequency 0£ any electrical signals passing through 

or generated by the system. Monitoring the resulting charge flow allows the kinetics 0£ 

the electrochemical system to be studied[l 14]. 

To take the simple case 0£ electrochemical corrosion in an aqueous solution, the pro

cess involves "the transfer ofoharge (electrons, ions) across the interface between an elec

tronically conducting phase (the metal) and an ionically conducting phase (the aqueous 

electrolyte) with which the metal is in contact"[103]. 

For a corrosion reaction to proceed the requirements are as follows[103]: 

• an anodic site where oxidation ( dissolution) ofahe metal occurs and produces elec

trons; 

• an oxidizer in solution (such as 02 or H+) to accept electrons at the metal/solution 

interface and thus maintain the anodic reaction; 

• a cathodic site where reduction 0£ the oxidizer occurs, using up electrons (this is 

also known as the electronation reaction[l5]); 

• a solution (the electrolyte) which contains ionic species which can complete the 

electrical circuit by allowing the movement 0£ charge through the solution between 
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the anodic and cathodic sites. 

In practice this means that an electrochemical cell set up to study corrosion requires a 

working electrode (WE) where oxidation of a metal can occur, a counter electrode (CE) 

where reduction occurs, and a conductive solution containing oxidizers and ionic species. 

It is the response of the WE to existing or imposed conditions that is measured and studied. 

The current generated by the WE is measured by comparing it with the CE. If the potential 

generated by the WE is to be measured, a third electrode, the reference electrode (RE) 

must be added, and the potential of the WE is then measured by comparing it with the 

potential of the RE. 

Similarly Grandle and Taylor note that "coating failure requires the transport of water, 

ions and a reducible species through the coating and involves oxidation and reduction 

reactions at the metal interface". Electrochemical methods of analysis have therefore also 

been a logical choice for coating evaluation[43]. 

2.2 Corrosion and coating failure mechanisms 

On a coated metal, corrosion of the substrate occurs following penetration of the coating 

by the electrolyte. Even without flaws in the coating, water is able to permeate through 

the coating by a diffusion mechanism, dissolving into the polymer matrix at the poly

mer/water interface and then diffusing through the coating as a result of the water con

centration gradient across the coating. The diffusion of ionic species relies on the ions 

being hydrated and moving through the polymer coating with the water. Hydrated ions, 

being larger in volume than water alone, should require a larger free volume in the coat

ing than water and therefore should not be able to travel through hydrophobic polymers 

that have low hydration. However it is noticeable that salt transport does occur even in 

coatings of this type and the mechanisms of this process are not yet well understood[25]. 

When the adhesion of the coating to the substrate is water sensitive, electrolyte reach

ing the surface will break the weak polymer/metal bonds and form pools under the coat

ing. In cases of such poor coating/metal adhesion, the nature of the interface between 

the coating and the solution seems to be the controlling factor in the deterioration of the 

coated metal system. A coating with a hydrophillic surface will show an immediate fast 

decline in impedance (ability of the system to obstruct the flow of charge), whereas a 

coating with a hydrophobic surface will show a constant impedance for some time before 

suddenly dropping sharply. The impedance of the system eventually drops to a similar 

value to that of a free-standing coating (ie one measured without a metal substrate) and 
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this is assumed to represent delamination of the coating, a condition where, like a free

standing coating, the polymer layer is attacked by the electrolyte on both sides[25J3 

Chen et al [25] found that the diffusion time of water molecules through a 15,am 

Parylene C film was less than one minute, and concluded that most coatings would be 

saturated with water within a day. However this did not necessarily translate to extensive 

contact between water and the metal substrate, as good adhesion between coating and 

metal prevented water building up at the metal surface and slowed the decrease of the 

impedance of the system. Salt intrusion into the coating took longer than pure hydration 

(from days to months depending on the coating) and was reflected by a change in the 

electrical properties of the system. Water uptake caused an increase in the capacitance of 

the coating ( due to the dielectric constant of water being higher than that of the polymer 

film[l 14]), whereas salt intrusion lowered the resistance of the coating (a fact which Chen 

et al attribute to salt intrusion paths short circuiting the film resistance). 

Once water and ionic species have reached the metal surface, corrosion reactions can 

begin. Factors which can favour the initiation of corrosion sites include the following[73]: 

• the presence of structural and chemical discontinuities in the surface of a metal or 

alloy; 

• the chemical composition of the electrochemical environment (including the pres

ence of aggressive ionic species such as cz-) and the metal itself; 

• the presence of existing corrosion products forming a partially protective "cap" over 

a pit nucleation site 

However corrosion is not a one-way process but a dynamic phenomenon, with many 

corrosion events being followed by repassivation of the metal surface. These transient 

corrosion/repassivation events are known as "metastable" pitting, and the successful tran

sition to "stable" pitting (nucleation of a stable corrosion pit) depends on the various 

factors listed above. When a pit does not meet the conditions required for it to survive, 

repassivation occurs quickly. However in many cases it is the competition between a num

ber of pits for "resources" (such as oxygen for reduction) in the immediate environment, 

which drives the repassivation of the least robust pits. This type of repassivation is much 

slower[73]. 

3Measurement ou the impedance ou free-standing films was done by depositing a polymer film onto a 
glass substrate, peeling it away and then using it as a membrane between two compartments, each containing 
electrolyte and non-polarisable electrodes. A current was then passed through the paint and the resulting 
potential drop across the cell was used to calculate the paint resistance. The effectiveness outhe polymer as 
a barrier was therefore tested without any contact between the polymer and the electrodes[25, 135]. 
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Electrolyte Coaling Metal 

Figure 2.3: General equivalent circuit representation of a coated metal 

Each corrosion and repassivation event on a metal surface generates a corresponding 

transient current and voltage. The exact process by which the event occurs affects the 

duration and magnitude of these signals. The statistical characteristics of the process are 

very similar to those for a stochastic (random) process, and the initiation of corrosion 

and its attendant electrical activity are often treated and described as random. However 

as corrosion is more likely to occur under certain conditions than others (for example 

certain sites on the metal surface are more likely to suffer corrosion than others, and the 

development of pits in one area affects the development of further pits), MacDonald [73] 

suggests that it is not truly random and recommends that it should be treated and analysed 

as a fundamentally deterministic process. 

Given the electrical activity caused by coating deterioration and corrosion on the metal 

surface, the activity of a coated metal system in an electrochemical environment can the

oretically be modelled using an electrical circuit or "equivalent circuit". A model com

monly used to represent a coated metal system is shown in Fig. 2.3. The circuit elements 

shown in this diagram are regarded as being equivalent to the following electrochemical 

parameters[42, 96]: 

Rn ( solution resistance) - the uncompensated resistance between the working electrode 

and the reference electrode in a three-electrode cell; 

Rpore (pore resistance) - a reflection of the penetration of pores within the coating by 

the electrolyte; 

Rp (polarisation resistance) - defined as "the resistance of the specimen to oxidation 
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during the application of an external potential", Rp is directly related to the cor

rosion rate through the corrosion current[35]. This resistive element occurs at the 

metal/solution interface (for a coated metal a metal/solution interface is only devel

oped when coating penetration has occurred) , and its value is equal to that of the 

modulus of the electrode impedance at zero frequency ( also known as the DC limit 

of the impedance)[!]; 

Cc (coating capacitance)- the capacitance of the coating on a coated metal electrode. 

The coating capacitance can be treated as a pair of plates with a dielectric between 

them. The formula for capacitance for such an arrangement is 

(2.3) 

where C is the capacitance, Eis the dielectric constant of the dielectric material, Eo 

is the permittivity of free space (8.85419 x 10-12Fm-1), A is the area of the plates 

and d the distance between the plates. 

Cd/ ( double layer capacitance)- the capacitance of the electrical double layer at the 

metal/solution interface of the working electrode. 

A coating can vary in its electrochemical response. A coating in perfect condition 

forms a complete barrier between the metal surface and the solution and shows purely 

capacitive behaviour with an infinite resistance to DC signals. As water uptake causes 

changes in the coating however, with conductive paths to the metal surface being es

tablished through pores and defects, the response of the coating becomes a mixture of 

capacitive and resistive elements. As the coating deteriorates further the resistive part of 

the response becomes increasingly important, until eventually the coating is so degraded 

that it has virtually no effect on the system response, and the resistance of the corroding 

metal substrate becomes the dominant feature[97]. 

The electrochemical nature of corrosion and coating failure mechanisms in aqueous 

environments makes investigative techniques based on electrochemical methods ideal for 

the evaluation ofthe performance of coatings on metal substrates[l 14]. In addition, elec

trochemical techniques fulfil many of the criteria identif.ed in Chapter 1 as being desirable 

in a technique suited to conservation needs[72]. Accordingly it was decided to focus on 

electrochemical techniques as the subject of the current study. After conducting a liter

ature search to identify the most promising electrochemical techniques for conservation 
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work, three techniques were selected. These techniques are described in detail in the 

following chapter ofi this report. 
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Chapter 3 

Electrochemical techniques for 

Evaluating Coatings for Conservation 

Needs 

A variety of electrochemical techniques have been used to investigate and evaluate coat

ings on metal substrates, each method having advantages and disadvantages. Broadly the 

methods can be divided into AC and DC methods and those which do and do not use an 

applied electrical signal to generate a response from the system under study. In general 

the DC techniques are regarded as more useful for studying processes associated with the 

metal substrate, while AC techniques provide information about the performance of both 

a coating and its underlying substrate[31]. 

Two of the simplest and quickest ways to assess the corrosion performance of coated 

metals are to measure their DC corrosion potential and resistance. Corrosion Potential 

Measurement (CPM) measures the combined potential produced by both the anodic and 

cathodic reactions at the metal/solution interface. Although the correlation between spe

cific corrosion potential values and corrosion performance can be problematic[135], the 

method has been used for detecting coating deterioration[6, 59]. CPM can also be used 

as a quick "intact/failed" indicator of coating deterioration, as no corrosion potential can 

be established at all until the coating has failed in at least one area and contact between 

the electrolyte and the metal has been achieved. However, as this relies on failure of the 

coating actually occurring, it is not an accelerated test method, though it may be useful 

for long-term monitoring[135]. DC resistance measurements have also been used to track 

coating deterioration, with decreasing resistance values being associated with penetration 

of the coating by water and ionic species, and subsequent development of corrosion re-

23 



actions at the metal surface[42, 72]. However, as mentioned above, an applied current 

is required to measure the resistance of the system (using Ohm's Law)[84], which could 

affect the kinetics of the reactions being studied. 

DC polarisation and polarisation resistance methods involve perturbing the potential 

or current of a corroding metal system in either the cathodic or anodic direction while 

monitoring the resulting output current or potential. However while these techniques can 

be very effective for evaluating uncoated metals, they are less suitable for the evaluation 

of coated metal systems. In particular, these techniques are unable to distinguish between 

the resistance of the coating, the polarization resistance of the substrate and the resistance 

of the solution[75]), and they are particularly known for experimental and interpretation 

difficulties connected with the large resistances often observed in protective paint films 

where water uptake has occurred[135]. A further problem with these techniques is that the 

large applied signals used to perturb the system under study are themselves liable to alter 

the properties of the coating being studied[114, 31]. In addition the measurements can 

change with increasing time of immersion as well as with changes in the applied signal, 

and to separate these two effects it is necessary to do separate tests at different applied 

potential or current[135]. 

Two of the most common AC methods are Electrochemical Impedance Spectroscopy 

(EIS) and Electrochemical Noise Measurement (ENM). The EIS technique measures the 

resistance of an electrochemical system to current flow, using a small AC voltage to per

turb the system. The ENM technique merely involves recording the natural current and 

voltage noise produced by all electrochemical systems. One of the principal advantages 

of the EIS technique is that, whereas the DC methods record average values that include 

all the impedances associated with the different processes and properties of the system 

under study (leading to the problems with ohmic resistance and diffusion processes men

tioned above), EIS enables the different impedances to be separated out according to their 

different time constants (see Section 3.2)[96]. Although EIS uses an applied signal, it 

is significantly smaller than those used in the DC techniques and therefore less likely 

to disturb the natural steady state of the reactions being studied. The ENM technique, 

while it is not able to separate out the different impedances of a cell, has the advantages 

that it does not use any applied signals, and can be performed with comparatively simple 

instrumentation[20] (see Section 3.3). Mills [83] notes that ENM is well suited to appli

cations where great accuracy is not as important as a quick general assessment of a system 

and says it is often used in industry for this reason. 

Using the criteria presented in the previous chapter, three electrochemical techniques 

were chosen for further investigation for use in evaluating coatings for conservation work. 
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Table 3.1: Techniques chosen for study and their ability to satisfy conservation require
ments. 

Feature CPM EIS ENM 
Speed ✓ ✓ 

Accuracy/objectivity/reproducibility ✓ ✓ ✓ 

No externally applied signal ✓ ✓ 

Prediction/ranking ✓ ✓ 

Information re coating failure mechanisms ✓ 
Non-destructiveness ✓ ✓ ✓ 

Low cost ✓ ✓ (potentially) 
Ease of use and interpretation ✓ ✓ 

Portability of equipment ✓ ✓ (potentially) 

These were DC Corrosion Potential Measurements (CPM), Electrochemical Impedance 

Spectroscopy (EIS) and Electrochemical Noise Measurement (ENM). The suitability of 

these techniques for conservation work is summarised in Table 3.1. The rest of this chap

ter describes and compares these techniques in detail. 

3.1 DC Corrosion Potential Measurements 

Of the three techniques under investigation CPM is the simplest. In a corroding metal sys

tem the anodic and cathodic reactions on the corroding metal proceed at equal rates, and 

there is zero net current flow. The open circuit or corrosion potential (E) is the potential 

corresponding to this zero net current condition[6]. The corrosion potential of the system 

is measured by connecting the working and reference electrodes of a two-electrode cell 

to the positive and negative terminals of a high impedance voltmeter. The reading on the 

voltmeter will be the DC corrosion potential of the cell[l 02]. 

The corrosion potential is the result of the effects of all the anodic and cathodic reac

tions occurring on the surface of a corroding metal[5]. As such, information on specific 

coating failure mechanisms cannot be extracted. The method is also unable to provide 

information on the projected lifetime of a coating. However the measurements are quick 

and easy to perform and require relatively simple equipment - beside the working and 

reference electrodes this method requires only a voltmeter (or multimeter). In addition, 

no processing of the data is required beyond maintenance of a record of the readings 

taken over time. This can be easily recorded and displayed using standard numerical soft

ware such as Microsoft Excel, which is likely to be already available within conservation 
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Figure 3 .1: An Evans diagram of the effect of an anodic inhibitor on a corroding system, 
showing the influence of the rates of the metal dissolution and electronation reactions on 
the corrosion potential. Adapted from Bockris et al[ 15]. 

laboratories. 

The correlation between corrosion behaviour and the change in the DC corrosion po

tential of a corroding metal system with time has been studied by a number of researchers. 

As is apparent from an Evans diagram (see Fig. 3.1 1), the corrosion potential is related to 

the corrosion current, which is the current at which the rate of the metal dissolution and 

electronation reactions are equal[l 5]. Anything which changes the rate of either the metal 

dissolution reaction or the electronation reaction will change the value of the corrosion 

potential[l 5]. In the majority of systems researchers have found that a positive corrosion 

potential (with respect to that of an uncoated substrate) is associated with the presence 

or formation of a passive or protective film and cessation of corrosion, while a negative 

shift in corrosion potential is associated with the deterioration or removal of a protective 

surface oxide or coating and development of active corrosion on the metal[ 135]. 

However, some electrochemical processes can cause the value of the corrosion poten

tial to drop in response to a drop in corrosion current, or to rise in response to a rise in cor

rosion current - the opposite responses to those described above. Inhibition mechanisms 

provide an practical illustration of these different responses. Inhibitors which adsorb onto 

the anodic areas of the metal surface slow the rate of the metal dissolution reaction. This 

1 Evans diagrams are plots of the potentials of the metal dissolution and electronation reactions versus 
either the magnitude or the logarithms of the currents of these reactions[15] 
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Figure 3 .2: An Evans diagram of the effect of a cathodic inhibitor on a corroding system, 
showing the influence of the rates of the metal dissolution and electronation reactions on 
the corrosion potential. Adapted from Bockris et al[15]. 

reduces the corrosion current (relative to the uninhibited system) and increases the cor

rosion potential, so in this case a decreasing corrosion rate is, as expected, reflected by 

a more positive corrosion potential (see Fig. 3.1). However other inhibitors act by de

creasing the rate of the electronation reaction, which means that in this case a decreasing 

corrosion rate is reflected in a more negative corrosion potential (see Fig. 3.2)[15]. 

Kendig and Leidheiser[59] also note that in some cases degraded coatings can show 

more positive corrosion potentials than coatings in better condition. They suggest that this 

is due to an increase in the ratio of cathodic to anodic surface area on samples with de

graded coatings. Barnartt[5] notes that during uniform corrosion the area and location of 

both anodic and cathodic sites on an electrode change rapidly. In these circumstances the 

metal can be treated as though the anodic current is evenly distributed over the whole sur

face, and the area of the anodic and cathodic sites does not influence corrosion potential. 

When the anodic current becomes localised at stationary anodic areas however, the ratio 

of the anodic and cathodic areas does become an important factor in the determination of 

the corrosion potential. This is demonstrated by Equation 3.1 (adapted from Barnartt[5]) 

( 
1 1 )-

1 la 
E = Eo.s - ha + lbct I log let (3.1) 

where E is the corrosion potential, la and let are the fractions of the total surface area 
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stabilized as anodic and cathodic sites respectively (fa + let = I), Eo.s is the corrosion 

potential when the anodic and cathodic areas are equal (fa= fet = 0.5) and ba and bet are 

the Tafel constants for the anodic and cathodic reactions2 

As the electrolyte penetrates a pore in the coating and reaches the metal surface, cor

rosion will start at the base otthe pore. This may begin as uniform corrosion with anodic 

and cathodic sites moving around the exposed surface[106] and the anodic/cathodic area 

ratio Jal let = I). However, in an aerated system, localised corrosion quickly develops as 

electrolyte moves beneath the coating. This occurs because the exposed area has greater 

access to oxygen than the coated area, and so will tend to become the site ot the cathodic 

reaction ( oxygen reduction). The area where electrolyte has penetrated under the coating, 

which has minimal access to oxygen, therefore undergoes metal dissolution and becomes 

a fixed anode[15]. 

Initially the anodic area will be small and the anodic/cathodic area ratio will be 

Jal let « I. This may cause the corrosion potential to become slightly more positive. 

As the corrosion moves further under the coating, however, the area ot the cathode at the 

base otthe pore will remain fairly constant, while the reactive area under the coating (the 

anode) will increase. This causes the anodic/cathodic area ratio to increase and the cor

rosion potential to become more negative[ 106]. As the coating becomes detached from 

the corroded area ( coating delamination), the anodic area gains access to oxygen in the 

electrolyte and becomes cathodic, thereby increasing the cathodic area and causing the 

corrosion potential to become more positive again[59]. The final stage in the process is 

complete failure ot the coating over the whole electrode surface, at which point the sur

face becomes covered with corrosion products and the corrosion potential drops to a value 

close to that for the corroding substrate[59]. 

The influence on the corrosion potential ot the anodic/cathodic area ratio may ex

plain an experimental observation quoted in Wolstenholme's review[135], in which an 

averaged plot ot corrosion potential measurements versus time for a number ot coated 

samples showed an initial drop in potential followed by a sharp rise to a peak and then 

a gradual decline, with the peak appearing to represent the end ot the protective life ot 

the coating. However plot shapes for individual samples ( especially those with more 

protective coatings) were much less clear, often showing sudden irregular fluctuations, 

especially in the early stages ot immersion. This may be due to the fact that electrolyte 

will take longer to penetrate through some areas ot the coating than others, and therefore 

211he Tafel constant b is characteristic of: the relationship between the current equivalent to a single 
electrode reaction on a metal surface, and the potential of: the metal. It is specific to a particular anodic or 
cathodic reaction[S]. 
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the electrode surface will normally contain corrosion sites at different stages of develop

ment (and therefore with different anodic/cathodic area ratios) at the same time. Such 

heterogeneity may serve to obscure the relationship between reactive area and corrosion 

potential[59]. 

It is clear then that neither the actual values of corrosion potential measurements nor 

any positive or negative trends in the measurements can be taken as an unambiguous guide 

to the protectiveness of a coating[l35]. However, as mentioned in Chapter 3, E values 

can be used to establish whether or not electrolyte/metal contact has been made at all. 

Where a coating is intact and non-conductive it has an infinite impedance to DC signals 

- the system is in an open circuit condition and no corrosion potential exists. When 

the electrolyte penetrates the coating and reaches the metal surface, a fnite potential is 

established. The change from infinite impedance to a finite corrosion potential can be 

observed using a voltmeter, as the open circuit condition produces a constantly fluctuating 

or zero reading on the voltmeter display which then settles down to a consistent potential 

reading as a finite corrosion potential is established[107]. 

Using CPM in this way has one advantage in a conservation context. Corrosion po

tential cannot be accurately measured by a voltmeter with an impedance lower than the 

source impedance [90], and high impedance voltmeters are unlikely to be available in 

most conservation laboratories. However, a low impedance meter should be adequate to 

detect merely whether a corrosion potential has been established, as measurement of an 

intact coating should indicate that no finite corrosion potential has been established, while 

measurement of a coating with high impedance but some electrolyte penetration should 

provide a finite reading. In the latter case the reading will not be an accurate measurement 

of the corrosion potential of the system (as the low impedance of the meter will allow cur

rent to be drawn from the cell during the measurement process), but this is of minimal 

importance as the E value is not in itself an accurate guide to the performance of a coated 

system. 

In summary, DC corrosion potential measurements are quick and easy to perform 

using cheap, portable equipment which is commonly available and within the budget of 

most conservation laboratories. CPM cannot rank or predict coating performance beyond 

indicating when coating deterioration has allowed corrosion to commence, but this allows 

the technique to be used as a simple monitoring technique to provide a rough guide to 

the current state of a coated metal system. This may be particularly useful in developing 

countries, where costly equipment and skilled staff are often difficult to obtain. 
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3.2 Electrochemical Impedance Spectroscopy 

In contrast to CPM, EIS is the most complex 0£ the three methods being studied. EIS 

is well-established as a successful technique for coating evaluation and has already been 

used for smdies 0£ coatings in the museum context [93, 94]. The theoretical basis for the 

technique is well understood, and the commercial equipment available is well-developed 

and reliable, features which have led other researchers to use EIS as a standard against 

which to compare less understood techniques such as ENM[8 l]. EIS is therefore used 

in this study for two reasons: to evaluate the practical aspects 0£ the application 0£ the 

technique in a conservation context, and to provide a reliable standard against which the 

CPM and ENM methods can be compared. 

EIS has been defined as "the study 0£ the resistance [ 0£ an electrochemical system] 

to current flow in terms 0£ its reactive (imaginary) and ohmic (real) components as a 

function 0£ frequency"[lO0]. Briefly, the method involves applying a small amplitude 

(for example 5mV) AC voltage signal to the working electrode o£an electrochemical cell 

at a number o£different frequencies. At each frequency the cell responds by producing an 

AC current which is out 0£ phase with the applied potential by an amount characteristic 

0£ the electrochemical system being studied. This current is measured as a function 0£ 

frequency, giving a measure 0£ the impedance (Z) 0£ the cell at each frequency. The 

impedance therefore operates as a frequency dependent transfer function, establishing the 

relationship between the applied voltage signal and the corresponding current response 

signal[l 14]. This enables both kinetic and mechanistic information about the system to 

be derived[42]. 

Although EIS does require an externally applied signal[33] (and therefore may per

turb the system under study from its equilibrium or steady state condition), the signal is 

far smaller than those used for DC polarization methods and it is generally felt that any 

disturbance to the cell will be minimal. Grandle and Taylor[44] compared samples which 

had been subjected to EIS over several months to samples which had been stored in the 

same solution but which had not undergone EIS. They found no significant differences be

tween the two sample sets and concluded that the perturbation used for EIS measurement 

was not damaging to the system under study. 

One 0£ the biggest advantages 0£ EIS is that results obtained in the very early stages 

0£ immersion correlate well with long term exposure tests[88]. This allows EIS to be 

used to predict the probable future behaviour 0£ a coating. Princeton Applied Research 

for example, found in one study that EIS tests after 20 days showed trends only apparent 

through salt spray testing after a year[97], and several researchers have noted that EIS is 
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able to detect changes before any visible change occurs[88, 58]. A draft standard for EIS 

evaluation of the long term corrosion resistance of painted steel recommends taking one 

measurement immediately after immersion and another after only twenty four hours to 

evaluate coating performance[57]. 

Another useful aspect of EIS data is that the perturbation of the cell and recording 

of its response are done over a range of frequencies. As low frequencies have a longer 

time period than high frequencies this means that processes within the cell which have 

different rates will show up in the data at different frequencies and can thus be separated 

from one another for analysis. As a coating degrades for instance, what was a single 

process (the response of the coating to water penetration) becomes two processes (the 

response of the coating to water penetration and the response of the substrate to corro

sion). These processes have different rates ("time constants") and are therefore detected 

at different frequencies. The coating information can generally be seen at the higher fre

quencies, while lower frequency data contains information relating to both the coating and 

the substrate[130]. Each time constant relates to a theoretical combination of a resistor 

and capacitor in parallel (RC, or for circuits involving non-ideal capacitances, RQ). This 

can be seen in Fig. 2.3, where RporeCc represents the time constant associated with elec

trolyte penetration and degradation of the coating, and RpCdz represents the time constant 

associated with reactions at the metal/solution interface. 

One disadvantage of the EIS technique however is the relatively long time it takes to 

complete a scan. The generation of an AC impedance record normally takes about forty 

minutes, during which time the corrosion potential in a changing electrochemical system 

can vary significantly[96]. For accurate assessment of the impedance of highly corrosion 

resistant coated metal systems, even lower frequencies ( and therefore longer measurement 

times) are required[33]. This can create difficulties in the interpretation of the results as 

a valid determination of parameters such as capacitance and corrosion current density 

requires a system in which the corrosion potential is changing by less than 0.5m V per 

hour[91]. 

3.2.1 Interpretation and analysis of results from Electrochemical Im-

pedance Spectroscopy 

Analysis of EIS data involves the determination of values for the individual components 

of an equivalent electrical circuit model that represents and describes the behaviour of the 

electrochemical system under study[120, 133]. Determination of these values depends 

on analysis of the features of graphical presentations of the data and can be performed 
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either by visual assessment of the graph shapes, physical measurements of features on the 

graphs using the axial scales, or computerised manipulation of the data[ 13 3]. The changes 

in the values of these components over time can then be used to gain both information on 

the mechanisms of the electrochemical processes involved and a quantitative comparison 

of the performance of different study samples[133]. 

The graph styles most commonly used for the analysis of EIS data are the Nyquist 

complex plane plot and the Bode impedance and Bode phase angle plots[133], examples 

of which are shown in Fig. 3.3 and Fig. 3.43 Which plot is used in any particular instance 

depends partly on personal preference and partly on the component of the system being 

analysed. Many researchers predominantly use the Nyquist plot, but others prefer the 

Bode impedance plot as they feel that the frequency dependence of the system imped

ance can be more clearly seen in this presentation ( especially the separation of different 

time constants[120, 133, 96]) and that it is easier to interpret accurately than the Nyquist 

plot[21].4 It has also been noted that the Bode impedance plot gives more accurate results 

when high frequency information is extrapolated to lower frequencies (so can be used to 

minimise the measurement times required for low frequency polarisation resistance de

terminations) or when the data is scattered and does not produce a clear Nyquist plot[96]. 

The three graph styles mentioned above are defined as follows[133, 120]: 

The Nyquist plot (Fig. 3.3)- the resistive or real (Z') versus the reactive or imaginary 

(Z") components of a cell; 

The Bode impedance plot (Fig. 3.4)-the logarithm of the impedance modulus (IZI) of 

a cell versus the logarithm of the measurement frequency; 

The Bode phase angle plot (Fig. 3 .4 )- the phase angle of a cell (0) versus the logarithm 

of the measurement frequency. 

For a coated metal system the most important components for analysis are the re

sistive, capacitive and, occasionally, the inductive elements of the equivalent circuit for 

the system, as well as features indicating diffusion limited processes - those which are 

controlled by the rate of diffusion of chemical species to reaction sites. Each of these 

elements produces a characteristic signature on EIS spectra which is described in its pure 

form below[133, 120]: 
3These plots are exported from the ZSimpWin software produced by Princeton Applied Research. The 

information on "Model" and "W gt" refer to presentations ofi simulated data and are not relevant here. The 
legend "Measured" or "msd" denotes measured (as opposed to simulated) data points. 

4Note that while frequency is not explicit in the Nyquist presentation, each point does represent the 
impedance values at a particular frequency and (in contrast to the Bode plots) the higher frequency points 
tend to the left ofithe plot and the lower frequency points to the right. 
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Figure 3.3: ~NyquistplotofiEIS data for Dinol AV30, sampled after 1 hour ofiimmersion 
in electrolyte. 

Pure resistor, Z = R where R is the resistance. 

• Bode impedance plot - a straight line parallel to the frequency axis (indicat

ing that the resistance is independent ofifrequency) 

• Bode phase angle plot - the phase angle is zero at all frequencies ( as the 

current and potential are in phase) 

• Nyquist plot - a single point on the x axis 

Pure capacitor, Z = -Jc where C is the capacitance. 

• Bode impedance plot- straight line ofi slope -1, indicating that the impedance 

is inversely related to frequency 

• Bode phase angle plot - the phase angle is -90° at all frequencies 

• Nyquist plot- a vertical line along they axis (at x = 0), indicating that the 

resistive component is zero and the capacitive component varies ( according to 

frequency) 
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Figure 3.4: A combined Bode impedance and phase angle plot of EIS data. 

Constant phase element (CPE) representing a non-ideal capacitance, Z = U~)nc where 

n is a parameter indicating the deviation from ideal; if n = l then the impedance is 

that of a pure capacitor. 

• Bode impedance plot - straight line of slope -n, indicating that the imped

ance is inversely related to frequency 

• Bode phase angle plot- the phase angle is -90°n at all frequencies 

• Nyquist plot - a line at 90°n to the x axis (through the origin) 

Inductive processes, Z = jroL where ,L is the inductance. 

• Bode impedance plot - straight line increasing with increasing frequency 

• Bode phase angle plot - the phase angle is 90° at all frequencies 

• Nyquist plot- semicircle loops back on itself below the x axis 

Diffusion processes, eg. Warburg impedance Z = J«, - j J«, where cr is the Warburg 

coefficient (a complex relationship between the concentrations of the ionic species, 

the diffusion coefficients, the surface area and the temperature). 
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• Bode impedance plot - low frequency portion OD the plot curves upwards 

increasingly sharply as diffusion processes become more pronounced 

• Bode phase angle plot - the phase angle OD the low frequency portion OD 

the plot decreases from O to -45° as diffusion processes become more pro

nounced 

• Nyquist plot- a diffusion "tail" which initially extends from the semicircle at 

very low frequencies, corresponding to reactions at the metal substrate. Even

tually, as diffusion processes become the rate determining step oDthe reaction, 

the "tail" completely distorts the semicircle 

However due to the complex nature OD real electrochemical systems these features ofi

ten do not appear on the plots in their ideal or pure form. For example one component 

may have an extremely high value which masks the contribution OD other components, 

time constants for different components and processes may overlap, and resistances orig

inating from different circuit components may be insufficiently distinct to be accurately 

separated from one another[120]. 

Each plot tends to show up different features o:Dthe data and therefore the concurrent 

use OD all three plot types can yield more information than the use OD any one on its own. 

One plot for example can often be used to confirm or elucidate features OD another which 

are unclear. Walter (1986) notes that a Nyquist plot can appear to have only one semicircle 

- representing one process - whereas it may in fact be an amalgam oDtwo semicircles. 

rn analysed as one semicircle incorrect values for the equivalent circuit elements will 

be obtained. However examination OD the same data presented in a Bode phase angle 

plot may reveal features which show the two processes more clearly, leading to a more 

accurate understanding o:Dthe Nyquist plot[l33]. Nyquist plots on the other hand are best 

for discerning diffusion related features, because in the Bode plots the diffusion related 

impedance OD the system is often overlaid by other resistances in the system at the low 

frequency end o:Dthe plot[133]. When such resistive components are very close together 

on a Bode plot they may also distort the true slope oDadjacent capacitive areas OD the plot, 

again potentially leading to miscalculation oDcomponent values for the system[97]. 

A potential problem with EIS analysis is that the same impedance plot can sometimes 

be interpreted in more than one way. Both interpretations are potentially correct, but only 

one will actually represent the system under study[133]. For instance a semicircle in a 

Nyquist plot may indeed indicate a single resistive-capacitive equivalent circuit element 

or it may in fact represent more than one capacitive element in series, their capacitive 

response combining to appear in the plot as one element[97]. 
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When the data is particularly convoluted (in other words it has overlapping time con

stants which make identification ofi individual features difficult) it may be useful to per

form a technique known as "Deconvolution Analysis". This requires dedicated computer 

software to suggest plausible values for the equivalent circuit elements ofi the system un

der study, simulate the data that would be produced by such values (several iterations ofi 

this process are usually required before appropriate values are obtained) and then subtract 

the data corresponding to these circuit elements from the remaining data. The process is 

repeated on the remaining data until all relevant circuit elements have been analysed and 

subtracted, and the simulated data produced using all the circuit elements is close to the 

actual data produced by the real system. Using the Boukamp software published by the 

University ofiTwente[l6] the general procedure is described below: 

1. Read real data into program. 

2. Edit data. Points which are considered invalid can be removed here (for example a 

point at a particular frequency may have been affected by electrical interference). 

3. Fit a line or curve to the data according to the display format being used. The 

Data Cruncher routine will then suggest appropriate values for a possible equivalent 

circuit. (The Data Cruncher is there to assist the analyst by providing a set ofi 

appropriate starting values for the adjustable circuit parameters. This is especially 

useful when the data is particularly convoluted due to overlapping time constants.) 

4. The values obtained in Step 3 ( or other values considered more appropriate) are en

tered in as elements ofi a proposed sub-circuit, and this sub-circuit used to simulate 

data which can be compared with the real data. The program adjusts the values ofi 

the various components to achieve the best possible fit, producing new values which 

are theoretically closer to the real values for the sub-circuit elements than the ones 

first suggested in step 3. This step can be repeated until the circuit element values 

seem satisfactory, at which point the analyst proceeds to step 5. 

5. The sub-circuit developed above is subtracted from the data and stored as Circuit 

Code. 

6. Steps 2 through 5 are repeated until all features ofithe data have been accounted for, 

each successive sub-circuit being added to the stored Circuit Code. 

7. The entire stored Circuit Code is then used to simulate a complete EIS record, 

with the values for each circuit element being refined through a a further iterative 

process. 
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This iterative process allows sub-circuits to be roughly modelled and then subtracted 

from the remaining data until only noise data remains. The approximate values for the 

proposed circuit elements can then be plugged into the whole circuit, evaluated and ad

justed until a simulated plot of:the resulting circuit reflects the actual data fairly well. 

There are some drawbacks to Equivalent Circuit and Deconvolution Analysis. Firstly, 

both processes are involved and time-consuming and require considerable familiarity and 

expertise on the part of:the analyst[130, 38], although the newer ZSimpWin software (see 

above) has ~implified the processes considerably. Secondly, as with non-computerised 

analysis of: the data, a number of: different circuit models can actually produce similar or 

identical plots when their performance is simulated[16, 21]. There is therefore no guar

antee that the modelled equivalent circuit is an accurate representation of: the real system 

under consideration. Thirdly, the subtraction of: data during Deconvolution Analysis may 

lead to an accumulation of: errors in the circuit components which are analysed last[133]. 

Whatever the method used to analyse EIS data, the parameters for analysis must be 

specif:.cally chosen to give the required information about the system under study. A 

number of:parameters have been used for the evaluation of:coating performance, but deter

mining a value from EIS data for many of:them is complex and time-consuming[43, 130]. 

Wanting a quicker, more straightforward analytical method, Grandle and Taylor looked 

for a parameter that would accurately reflect and predict coating performance and be fairly 

quick and straightforward to determine. They selected Cc ( coating capacitance), Rpore 

(pore resistance) and the low frequency impedance modulus (Z11) as the most promising 

candidates[43]. The pros and cons of:these parameters are outlined below: 

Coating capacitance (Cc) Contained in the higher frequency data and obtained through 

data fitting, this parameter is a seemingly obvious way to determine coating condi

tion. Tsai et al[130] note that coating capacitance increases with water uptake, as 

the dielectric constant of: water is more than twenty times that of: coatings. They 

used this to work out the volume fraction of: electrolyte absorbed by the coating, 

and thence to rank coating performance. They found a correlation between coating 

thickness, water uptake and corrosion, and concluded that the rate of: water uptake 

determined from early changes in the coating capacitance was useful as a predictor 

of: long term coating performance. 

However Cc does not clearly reveal small signs of: deterioration in the coating, as 

a small increase in defect area causes a correspondingly small decrease in coated 

area, and therefore only a small decrease in capacitance. In fact, as water has a high 

dielectric constant, water uptake into the coating may even temporarily increase 
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the measured capacitance, even though it is a symptom oficoating degradation[43]. 

The relationship between capacitance, area and dielectric constant can be seen in 

Equation 2.3 in Section 2.2. 

Cc has been used to study the water content ofi coatings on steel[43], but the study 

assumed that a change in capacitance was solely due to water penetration into coat

ing and that water distribution was uniform and random. The coating capacitance 

data did not therefore correlate well with blistering or spot corrosion. Cc values in 

fact varied very little even where visible failure (spot corrosion) was evident and 

could not therefore be used as a reliable indicator ofi coating performance. Tsai et 

al[ 130] dealt with this issue by using the pore resistance ( a measure ofithe formation 

ofi conductive paths through the coating) for detecting defects in the coating. 

The coating capacitance does not include information about the substrate and is 

therefore applicable to any coating analysis, regardless ofithe metal beneath[43]. 

Pore resistance (Rpore) Also occurring in the higher frequency data, Rpore is a sensitive 

measure ofi coating performance, measuring either actual defects or pores in the 

coating or low-resistance pathways. It is defined by Kendig et al[60] as the re

sistance ofi ionic paths through the coating and is inversely proportional to defect 

area[ 43] according to the equation 

pD 
Rpore=A (3.2) 

where p is the resistivity ofi the solution in the defect, D is the depth ofi the defect 

and A is the defect area. 

As a small increase in defect area equals a large percentage ofi the original defect 

area, Rpore generally decreases rapidly as the coating degrades[ 43]. However this 

does not follow ifi the pores become blocked with corrosion products, and Grandle 

et al found that some samples exhibited a slight rise in Rpore after 7 days' expo

sure to electrolyte, which they attributed to small pores in the coating becoming 

blocked by corrosion products. Coatings with larger defects however did not show 

this behaviour, suggesting that the defects were too large to become effectively 

blocked[43]. 

Rpore has been used extensively to study coating performance, as it correlates well 

with coating performance. However it can be difficult to obtain when Rpore is low 

(as with degraded coatings), as the parallel Cc-Rpore time constant under these con-
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ditions shifts to higher frequencies (see Equation 3.4, page 53) and may in some 

cases be higher than the limits of the measuring equipment. Obtaining a value for 

Rpore also requires expert and time consuming data fitting. Rpore does however 

have the advantage that it does not include information about the substrate and is 

therefore applicable to any coating analysis, regardless ofahe metal beneath[ 43]. 

Low frequency impedance modulus (Z11) As its name indicates, this parameter is taken 

from the low frequency portion of the Bode impedance plot and it is therefore es

sentially resistive. A fairly recent addition to the parameters used for EIS analysis, 

there is still some debate as to exactly what frequency should be used to calculate its 

value. Because it is a low frequency feature it incorporates contributions from more 

than one of the impedances of the system under study. Exactly which impedances 

contribute to the parameter depends on exactly which frequencies are used to calcu

late its value. However it generally includes the solution and coating impedance and 

contributions from the impedances ofahe metal substrate and oxide (including cor

rosion products in coating pores)[ 43, 44]. In other words Zzt generally incorporates 

Rn, Rpore and part ofRp. 

Grandle and Taylor define Zzt as the magnitude of the impedance at about 0.05Hz 

on a Bode impedance plot. This is not the DC limit of the impedance, but a region 

of the plot which generally shows a resistive plateau related to the combined im

pedance of the coating and metal surface, but not diffusional processes[ 44]. They 

chose this value to limit the time required for measurement, as a total impedance 

value (incorporating contributions from all impedances in the system) would require 

measurements in the 0.1-lmHz range which would take much longer. However 

they found that Zzt determined at 0.01-0.05Hz depended on the DC polarization 

potential used for the EIS measurements, which suggests it results both from elec

trochemical reactions at the solution-oxide-metal interface and from the response 

of the coating to the perturbation. This indicates that it includes information about 

the charge transfer response ofahe electrochemical system and therefore reflects the 

condition of the substrate as well as the coating. This means that the value of Zzt 

will vary depending on the nature ofahe substrate metal[ 43, 44]. 

Chen et al[25] found changes in the impedance modulus at 0.lHz were useful for 

ranking coating performance. They felt that changes in Zzt are mostly caused by 

changes in the polymer surface at the polymer/metal interface, especially water 

absorption by the polymer. Grandle and Taylor[44] also suggest that a declining 

Zzt value reflects the transport of water and ionic species into the coating. 
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Data scatter can however be a problem in the low frequency portion of the Bode im

pedance plot, and indeed Grandle and Taylor[43] observed data scatter starting at 

about 0.3Hz which they attributed to current fluctuations caused by metastable pits. 

To allow for data scatter Otieno-Alego et al[92] evaluated the performance of com

bined patination/wax surface treatments of metals using a value of Ztf calculated 

from a number of points in the frequency range 0.01-0.05Hz. 

Grandle and Taylor[44] found that Ztf values taken in the first month of experi

ments correlated well with the results of both EIS records and visual observations 

conducted on the same samples after eight months. Although Ztf values cannot 

provide information about the mechanisms of coating degradation, they did show 

deterioration early in the experiments, when analysis of the solutions did not de

tect any metal in solution. This indicates that deterioration of the coating itself was 

detected, in the absence of corrosion. 

One difficulty with the use of Ztf to evaluate coating performance is that if, during 

the early stages of immersion, a coating is functioning purely as a capacitor (with 

no resistive response), measurement times may not be long enough to reach a DC 

limit and there may therefore be no plateau region in the low frequency area of the 

Bode plot [133]. In this case there is no relevant value for Ztf• Until sufficient 

coating degradation occurs to exhibit resistive behaviour it is more appropriate to 

monitor changes in the system using the coating capacitance value to monitor the 

uptake of water into the coating[lOl]. 

From a comparative study of these three parameters, Grandle and Taylor selected Ztf 

as the only parameter which was both an accurate reflection and predictor of coating 

performance as well as easy to quantify. As these are also the principal criteria for con

servation measurements of coated metals Ztf would also seem to be the most appropriate 

parameter for analysis of EIS data in the present study. In addition to correlating well 

with long term coating performance, Ztf is easy and quick to derive from the raw imped

ance data and requires no special understanding of electrical theory or electrochemistry to 

evaluate. It is also less likely to be affected by overlapping time constants than Rpore and 

Cc, Cc does not correlate particularly well with coating performance and Rpore, though 

it does reflect coating performance, is difficult to evaluate without computer aided data 

fitting which is both time-consuming and requires expert knowledge. 

In summary, the EIS technique is based on complex mathematics and requires com

plex, dedicated and expensive equipment and software5. The technique is reasonably 

5The EG&G PAR system used in this project ( comprising a potentiostat, lock-in amplifier and dedicated 
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quick to perform but does perturb the system under study, albeit very slightly. EIS has 

the advantage that it is able to provide information about processes and reactions oc

curring both in the coating and at the metal surface, but extraction 0£ this information 

requires complex analytical techniques and expert interpretation. This analytical work is 

a sophisticated and time consuming process which requires an extensive understanding 

o£both electrical theory and electrochemistry, areas of knowledge which are liable to be 

outside the experience of most conservators. A simpler parameter, Z11, which is purely 

applicable to coating evaluation has been verified by Grandle and Taylor[43, 44]but this 

parameter, although able to provide information on the relative performance (ranking) and 

lifetime prediction of coatings, does not give information on coating failure mechanisms. 

Walter[l33] also notes that the usefulness 0£ the EIS technique depends heavily on the 

ability ofahe operator/analyst to interpret the data correctly. 

3.3 Electrochemical Noise Measurement 

From Table 3 .1 it can be seen that the technique that appears to fulfil most 0£ the criteria 

for corrosion assessment in a conservation context is Electrochemical Noise Measurement 

(ENM). 

As yet there is no complete and rigorous understanding ofahe causes and mechanisms 

0£ electrochemical noise (EN)[ 63]. Danielson[29] defines EN events as random potential 

and current transients that are an indication 0£ dynamic electrochemical processes. Al 

Ansari and Cottis[2] define it more cautiously as an unpredictable variation in a signal 

with respect to time. A draft ASTM standard[56] defines it as 

"Fluctuations of potential or current, typically 0£ low frequency ( < 1 OHz) 

and low amplitude. Electrochemical noise originates, in part, from natural 

variations in electrochemical rate kinetics during a corrosion process. Elec

trochemical noise is often regarded as a random (stochastic) phenomena [sic] 

coupled to deterministic kinetics." 

However the ASTM definition quoted above has been challenged by Tan et al[127] 

who query the evidence for the following assumptions in the definition. 

Electrochemical noise is typically low frequency and low amplitude - although much 

work to date has concentrated on signals at or below 1Hz[68, 136, 64, 65, 122, 74, 

software) costs approximately $AUD70,000 in 2001[124]. An alternative PAR system - PARSTAT- is 
cheaper, but still $AUD52,000 at 2001 prices. The less expensive SmartCET unit is approximately$US6000 
which is still expensive in the museum context. 
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110], Tan et al [127] consider that there is as yet no evidence that higher frequency 

and amplitude signals do not provide useful information related to corrosion or 

coating deterioration. However several researchers do point out that, at frequencies 

above lHz, EN is generally OD such low amplitude that it is at the limit OD the 

sensitivity o£the recording equipment[122, 32], suggesting that the assumption that 

it is predominantly, it not exclusively, low frequency is probably correct. 

Electrochemical noise originates from "natural variations in electrochemical rate kinetics 

during a corrosion process" - Tan et al[127] note that the mechanism OD noise 

generation has not yet been rigorously defined. 

Electrochemical noise can be regarded as a random (stochastic) phenomenum - Tan et 

al[127] note that at very low frequencies (close to DC) electrochemical noise may 

not be able to be regarded as truly random and comment that the terms "random" 

and "low frequency" seem somewhat contradictory. 

Fluctuations oDelectrical charge on metal were first reported by Iverson in 1968[54] 

and have been attributed by various authors to a number OD different processes. Dawson, 

reviewing the literature in 1996, concluded that EN appeared to be caused by the following 

processes[30]: 

• mechanical effects such as propagation OD stress corrosion cracks and surface abra

sion; 

• chemical effects such as adsorption/desorption OD reactive species at the metal sur

face and pit initiation and repassivation; 

• growth and detachment oDhydrogen bubbles during corrosion in acidic solutions[ 1]. 

Empirical results support the idea that there are multiple causes OD electrochemical 

noise, with different types OD noise being produced by different systems. lverson[54] 

found that different metals produced distinctly different noise signatures, those OD alu

minium and magnesium metals and alloys being oDnoticeably higher frequency and larger 

amplitude than those produced by ferrous alloys and zinc. Almeida et al[3] found that po

tential noise records with mainly low frequency fluctuations were obtained from samples 

which had protective oxides or corrosion products on the surface, while records with more 

high frequency components came from samples where the oxide layer had become more 

porous. Epelboin et al (1978) found that by imposing an anodic current on a corroding 

system (thus increasing the anodic potential), the amount OD low frequency noise was 
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decreased. As hydrogen evolution also decreases with increasing anodic potential they 

concluded that the low frequency components of the noise in this system could be related 

to gaseous hydrogen evolution[l 15]. Liu et al[70] mention that some authors believe that 

while EN produced by localized corrosion is due to discrete pitting events, EN produced 

by general corrosion is principally due to the formation of hydrogen bubbles, or the ab

sorption of hydrogen by the first layers of metal beneath the surface. One study found 

that the noise method in fact lost accuracy in very high corrosion rates, possibly because 

of vigorous hydrogen bubbling[83]. 

Although the mechanisms of EN generation have not been rigorously defined, some 

study has been conducted on probable mechanisms. Edgemon and Bell[34] for example 

discuss the generation of EN during pit initiation, noting that pit initiation on a metal 

involves anodic dissolution. This releases electrons to the metal(s), temporarily lowering 

the potential of the working and counter electrodes relative to the reference electrode and 

causing a potential transient to be recorded. While most of these electrons are quickly 

absorbed by cathodic reactions on the pitting electrode, a few travel through the current 

measurement circuit to react cathodically on the opposite electrode ( either the counter or 

working electrode depending on which of these is undergoing pitting) which will cause a 

current transient to be recorded. 

Legat[63] has addressed the issue of whether EN is generated by the hydrodynamic 

effects of stirring the electrolyte within the electrochemical cell, as stirring has been ob

served to increase both the amplitude and frequency of EN transients produced by an 

electrochemical system. However this could merely be due to the effect of stirring on 

the corrosion reactions within the cell rather than to the stirring itself, as increased so

lution flow increases the delivery of reactants and removal of products to and from the 

anodic and cathodic reaction sites, and may increase the aeration (and consequent oxygen 

reduction rate) of the system. 

Legat[63] studied the effect of both stirring (to create turbulent solution flow which 

might increase higher frequency fluctuations) and pumping (to create laminar flow) in 

the solution. He found that EN in unstirred solutions tended to consist of slow fluctua

tions with fairly high amplitudes, while stirring caused very sharp and frequent spikes. 

Increasing the rate of stirring just increased the amplitude of the spikes. Examination 

of the electrodes after the experiment indicated that the electrodes in unstirred solutions 

had undergone localised corrosion, whereas those in stirred solutions had undergone uni

form corrosion. Laminar flow generated by pumping the solution past the electrodes also 

caused sharp, frequent spikes and a change from localised to uniform corrosion, but in

creasing the rate of flow actually decreased the amplitude of the spikes. Power spectra 
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for EN under both turbulent and laminar solution flow were similar, indicating that the 

high frequency spikes were produced by the corrosion process itself rather than by turbu

lence in the solution, as turbulence from stirring caused no significant modification of the 

power spectra. Given the change to uniform corrosion with increased electrolyte flow, it 

was theorised that the spikes seen in the EN from stirred and pumped solutions were due 

to frequent interchanges in micro anodic and cathodic reaction sites[63]. 

Measurements of a system containing a passivating electrolyte also showed no differ

ence between stirred and unstirred solutions, indicating that it was the absence of corro

sion processes in this system rather than the presence or absence of turbulence which gov

erned the EN response. The higher frequency noise obtained from increased solution flow 

also suggested that the lower frequency components of EN were predominantly generated 

by localised corrosion and the higher frequency components by uniform corrosion[63]. 

3.3.1 Description of technique 

The lack of a sound theoretical understanding of EN generation has hampered the prac

tical implementation of the method[29]. Although some consensus has been reached on 

preferred methods and equipment (leading to draft a ASTM standard [56]) there is still 

much variation in the way the technique is performed and much debate on the advantages 

and limitations of the different methods[127]. 

One of the main advantages of the electrochemical noise technique is that it records 

the self-generated potential and current fluctuations of the electrodes without any external 

perturbation of the system. The noise generated at one of the electrodes becomes the 

source signal for the measurement of the noise impedance of the other electrode, so that 

instead of an external perturbation the source signal is internal to the system[ 1, 56]. 

One theory is that the current noise is driven by the voltage noise from the electrodes. 

For nominally identical electrodes Tan et al[127] suggest that the difference in poten

tial noise between the electrodes works as an internal polarisation signal which linearly 

polarises both electrodes, producing current noise. Other researchers see the potential 

noise as a result of the transformation of the current noise through the electrode inter

facial impedance[30]. However Bertocci et al[9] note that according to electrical circuit 

theory the voltage and current source models are "Thevenin equivalent", meaning that it 

is impossible to distinguish cause and effect and that therefore it is also impossible and 

unnecessary to know whether current fluctuations lead to potential fluctuations or vice 

versa. 

Aballe et al[ I] note that the internal signal considerably simplifies the instrumentation 
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required for noise impedance measurement. Phase information however cannot be readily 

obtained since the phase o:fithe perturbation signal is not known, and the noise impedance 

is also a real quantity with no imaginary (phase) component. The internal perturbation 

also makes the measurement o:fithe noise impedance problematic i:fian inert counter elec

trode is used, as the impedance measured will be that o:fithe inert rather than the corroding 

electrode (see Section 3.3.4). 

Electrochemical noise has been recorded using a number o:fi different cell types. Iver

son's original work[54] measured only voltage noise and therefore only required two 

electrodes, a working electrode (the sample being studied) and a reference electrode (in 

Iverson's work a platinum, pseudo-reference electrode). To record both voltage and cur

rent noise a three-electrode cell is normally required, which can vary in composition as 

follows[56, 1]: 

• Working and counter electrodes comprising one o:fi the following 

- two nominally identical electrodes (samples o:fithe same material as that under 

study, prepared in the same way and o:fi the same size). This arrangement, 

termed a working electrode pair, is the only one discussed by the ASTM draft 

standard, although a number o:fi studies have used the alternative below. 

- a working electrode (the sample being studied) and a counter electrode o:fi a 

different but inert material (for example platinum) 

• Reference electrode comprising one o:fithe following 

- a non-polarizable reference electrode such as a saturated calomel or silver/sil

ver chloride electrode 

- a pseudo-reference electrode made o:fi an inert material such as platinum or 

gold 

- a pseudo-reference electrode o:fi the same material as the working electrode 

and nominally identical to it. 

Zahner[ 13 7] however note that a three electrode system is used because while current 

noise must be measured in a short circuit condition, potential noise must be measured at 

open circuit and with a high impedance load. They feel that the use o:fi three electrodes 

to accomplish this actually produces two separate (though, with a working electrode pair, 

nominally identical) systems, and therefore the current and potential noise are unrelated 

and uncorrelated ( a drawback also noted by Bertocci et al[ 11 ]). Wiith uncorrelated voltage 
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and current, the unrelated phase information in the voltage and current records will tend to 

cancel each other out, making direct power calculations (which involve the multiplication 

of the voltage data by the current data) meaningless. This means that only RMS values, 

which have no phase information, can be related. 6 However as corrosion related noise is 

mainly seen at low frequencies, Zahner feel that it is quite possible to sample both current 

and potential signals on the same electrode by switching rapidly between the open and 

short circuit modes. If the switching/sampling frequency is high relative to the highest 

noise frequency of interest no information is lost. Thus the CorrEinoise system developed 

by Zahner uses only two electrodes to measure both current and potential noise[l37]. 

Whatever the electrodes chosen for a particular study, electrochemical noise is usually 

recorded using one of the following instrumentation confi.gurations[29]: 

• a working and counter electrode ( often a nominally identical working electrode 

pair) connected through a zero resistance ammeter (ZRA) to measure current noise, 

with potential noise measured relative to a third metal electrode or a non-polarisable 

reference electrode. With this setup V and J are recorded simultaneously using a 

ZRA and voltmeter. 

• a working electrode connected by a potentiostat to a non noise generating counter 

electrode, with the electrochemical potential of the working electrode fixed relative 

to a reference electrode. With this setup the potentiostat is used to control the cell 

potential (usually at the open circuit potential of the working electrode) so that only 

current transients can be sampled. 

• measurement of the potential fluctuations of the working electrode at open circuit 

potential relative to a reference electrode. This method only allows potential noise 

to be recorded. 

The potentiostats, zero resistance ammeters and voltmeters required for the above 

equipment configurations are often chosen from the commercial instruments that are a 

standard part of electrochemistry laboratories. As such they are generally heavy, mul

tifunction equipment which is relatively expensive in the museum context. However in 

theory the technique can be performed using simpler, even self-built versions of the above 

instrumentation. As examples, the ASTM draft standard includes a guide to the construc

tion of a simple zero resistance ammeter[56], Legat[63] used self-built equipment, and the 

CorrEINoise system (mentioned above) was designed specifically to be a minor add-on to 

impedance spectrum analyzers[l37]. The SmartCET system has also been developed as a 

6RMS noise data is defined as "the square root of the average noise power"[27] 
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portable unit for field use - although it incorporates the facility to perform several differ

ent techniques it is portable (2kg in weight) and although still expensive in the museum 

context ($US6,000)[51], it is significantly cheaper than buying all the above instruments 

separately. By using simpler, ENM-specific instrumentation it is therefore possible to in

crease the portability and ease 0£ use 0£ the equipment, while at the same time reducing 

the cost. 

3.3.2 Methods ofi analysing electrochemical noise data for coating 

evaluation 

Although the origin 0£ electrochemical noise is still not completely understood, it has 

been used by a number 0£ researchers for the evaluation 0£ the quality and long term 

performance 0£ protective coatings on metal substrates [23, 136]. A number 0£ different 

analytical methods have been used to derive information about coating performance from 

EN data, including visual inspection, statistical analysis and spectral analysis[56]. Some 

0£ the most common methods and parameters for ENM analysis are listed and discussed 

below: 

• visual inspection o£time records 

• voltage noise (Vn) 

• current noise (In) 

• noise resistance (Rn) 

• frequency domain analysis 

• wavelet analysis 

• pitting index (PI) 

• fractal analysis 

Visual inspection 0£ time records Moon and Skerry[87] visually examined time re

cords 0£ good, medium and poor coatings and concluded that high frequency fluctuations 

corresponded to effective corrosion protection by the coating whereas lower frequency 

fluctuations indicated a poor or degraded coating. Visual examination o£their results dis

tinguished the very good and very poor coatings after only six hours 0£ immersion (the 

good coatings were still showing high frequency fluctuations but the poor coatings were 
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already showing low frequency fluctuations which indicates loss 0£ protection), but the 

change to lower frequency fluctuations in the medium protection coatings was not appar

ent until later in the experiment. 

However visual examination is not reliable because variation in the frequency o£fluc

tuations can be related to more than one cause. This is evident from the variations in 

frequency found for stirred and unstirred solutions and for electrodes 0£ different metals 

( see Section 3 .3 ). V!isual examination may therefore be useful where only one aspect 0£ 

the experimental setup is varied, as any differences in the frequency 0£ fluctuations can 

be attributed to that one variable. However it does not enable comparisons to be made 

between experiments with multiple variables or different experimental arrangements. A 

similar problem exists with the use o£voltage noise data on its own (see below). 

Voltage noise (Vn) - also known as potential noise A number o£researchers have tried 

to correlate the standard deviation 0£ the voltage noise with the corrosion rate 0£ the 

system under study. However a simple relationship between these two parameters has not 

been confirmed in other studies[127]. 

Chen and Skerry [23] found that the mean o£the voltage noise time records for coated 

metals varied considerably from quite active to quite passive potentials through the course 

0£ an experiment. This made it difficult to draw any clear conclusions about coating 

performance. The standard deviation 0£ the voltage noise record was better for ranking 

coating performance, although values for good, medium and poor coatings were still rea

sonably similar, making it difficult to rank the coatings. 

Pride et al [99] also found that the use o£voltage data alone could be misleading. They 

note that passive electrodes are easily polarised and the voltage fluctuations therefore tend 

to vary in frequency as a result 0£ small changes in temperature, system chemistry or mass 

transport control rather than actual corrosion. Mansfeld and Xiao[80] found this was par

ticularly noticeable with metals and alloys which are immune to corrosion (for example 

platinum) or passive (for example stainless steel in neutral aerated environments). They 

used Power Spectral Density (PSD) plots (see below) to analyse their data and found that 

PSD plots 0£ the potential noise failed to distinguish various metals well, whereas the 

plots o£current noise were able to distinguish between the metals successfully. They sug

gest that this reflects the importance 0£ mass transport 0£ oxygen in generating potential 

noise. The inclusion 0£ current noise data (as in the calculation 0£ noise resistance and 

spectral noise resistance - see below) avoids this problem. 
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Current noise (In) Chen and Skeny[23] found that the mean of the current noise time 

records for coated metals tended to be larger for poorer coatings than for high imped

ance coatings. This allowed a general ranking of coating performance, although there 

was some cross-over between poor-medium and medium-good coatings. They note that 

with the high impedance coatings the current flow could fluctuate around zero as polar

ity reversals occurred. These near zero values resulted in the current noise approaching 

the limit of the instrumental sensitivity for high impedance coatings. Eden et al[33] also 

noted the extreme low amplitude of current noise fluctuations on metals with highly pro

tective coatings and found the mean of the current noise unreliable as a measure of coating 

performance for high impedance systems when the current was fluctuating around zero. 

Pitting Index (PI) Another parameter which uses only current data, the Pitting Index 

(PI), was developed to better reflect the presence oflocalised corrosion in EN results[l 7]. 

The PI is defined as the standard deviation of the current divided by the mean current. 

Resulting values which are significantly less than one are taken to indicate uniform cor

rosion, while values greater than or equal to one may indicate the degree of localized 

corrosion[99]. However many researchers have found the PI unreliable in detecting pit

ting and unable to accurately distinguish between uniform and localised corrosion[77, 80, 

128]. 

Noise resistance (Rn) Although some use can be made of voltage and current noise 

data independently (see above), it is the noise resistance (Rn), which incorporates both 

current and voltage information, which has been found to be a more reliable statistical 

measure of coating performance[87, 23, 33, 99]. Like the EIS parameter Z11, Rn is a 

compound value, including contributions from the solution resistance (Rn)[85] as well as 

the polarisation resistance (Rp) and pore resistance (Rpore)[l4]. Bierwagen et al[14] define 

Rn as characterising "the resistance of the whole system to the movement of charge" 

and note that in general for coated metals, the larger the value of Rn, the greater the 

protectiveness of the coating. Noise resistance is generally calculated by taking the ratio 

of the standard deviations of simultaneous measurements of voltage and current noise 

records, according to the following equation[32]. 

(3.3) 

where Rn is the noise resistance and O'v and O'i the standard deviation of the voltage 

and current respectively. 
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Rn can also be calculated by transforming the current and voltage data into the fre

quency domain and then integrating the two spectra, which gives information about the 

frequency dependence o:Dthe Rn value[79] (this will be discussed in more detail below). 

The results from both methods are very similar[9] and Eden says that in practice the sta

tistical analysis is often sufficient[32]. However Bertocci et al[9] note that transformation 

in the frequency domain is required ifi it is necessary to prove that Rn is frequency inde

pendent (for example ifiRn is being compared to another parameter such as Rp). 

Frequency domain analysis Noise data can also be transformed into the frequency do

main to gain information about the noise as a function OD its frequency. It is generally 

transformed into the frequency domain as a Power Spectral Density plot (PSD) using 

techniques such as Fast Fourier Transform (FFT) or Maximum Entropy Method (MEM). 

The PSD plot allows the impedance OD the electrochemical system to be determined at 

a particular frequency[85], which identifies signals at both predominant and spurious 

frequencies[ll0]. Using the FFT method produces a scattered plot[27], requires long 

data records to achieve good frequency resolution, and can suffer "spectral leakage" efi

fects where the finite length OD the data record causes fluctuations in the final plot that 

may mask weak data signals. Using the MEM method however can result in an overly 

smooth plot which artificially alters the shape OD the PSD curve[89]. Dawson[30] and 

Tan et al[127] found the results essentially identical whichever method was used and con

cluded that selection OD an appropriate transform depended upon the data available and 

personal preference. 

It has been claimed that certain features OD frequency domain plots give specific in

formation about the type OD deterioration occurring in the electrochemical system. In 

particular, the slope OD a frequency domain plot has been said by some researchers to 

indicate whether uniform or localised corrosion is occuring[131, 50]. However other re

searchers have been unable to confirm a reliable correlation between the slope o:Dthe plots 

and the type oDcorrosion observed[89, 80, 110, 127]. Motard et al[89] could in fact find 

no clear distinguishing features in the PSD plots they created which reflected the type OD 

corrosion found on their specimens, and furthermore they found that the shape oDthe PSD 

plots varied with the analytical method used to generate them. 

By transforming noise data into the frequency domain it is however possible to de

termine how the data is dependent on frequency. Xiao et al[136] developed the "spectral 

noise response" parameter Rsn (J) which is defined as the resistance OD the system as a 

function OD frequency and is derived from the ratios OD FFT plots OD potential and current 

noise data. Bertocci et al[9, 10] developed the similar "spectral noise impedance" param-
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eter - also designated Rsn (f) - which they claim gives a more accurate result than the 

method developed by Xiao et al. This parameter is obtained from the ratios of PSD plots 

of the potential and current noise data. Aballe et al[ 1] refer to this parameter as the noise 

impedance (Zn), a frequency dependent version of the noise resistance (though Cottis[26] 

notes that it only gives the modulus of the impedance, not the phase, so is not a true 

impedance value). Aballe et al[ 1] show that the value of this parameter depends on four 

others - the noise level of the working and counter electrodes ( or working electrode pair) 

calculated from the electrode PSDs, and the impedance of these two electrodes. For elec

trodes with the same impedance Zn (Rsn (f)) will be the same as the electrode impedance 

modulus for the same frequency. 

Rsn (f) can also be extrapolated to the DC limit of the spectral noise plots to give 

R~n[l36]. PSD plots often continue to increase in amplitude with decreasing frequency, 

making extrapolation to zero frequency difficult. However if both the current and volt

age plots show this behaviour and have equivalent slopes, Rsn (f), which is the ratio of 

these PSD plots, will have a long low frequency plateau and the zero frequency limit can 

be reliably established without the need for very long measurement periods[ 10]. Xiao et 

al[136] were unable to obtain a DC limit in PSD plots even at lmHz, but the correspond

ing spectral noise plots were independent of frequency over the whole frequency range 

resolved. 

Hashimoto et al[47] note that PSD plots are particularly useful for monitoring appli

cations, because the whole time record can be compressed into the one PSD curve which 

is then stored in place of the time record to minimise the data storage capacity required. 

However they note that a lot of useful mechanistic information is lost during the conver

sion, due to the averaging involved in the technique. 

Wavelet analysis Motard et al[89] outline an alternative analytical method which uses 

a "phase plane" or time-frequency representation of the data, which they claim gives 

a clearer picture of the corrosion processes occurring in the system. They outline two 

methods of analysing phase plane data - "Visual phase plane analysis" and "Extracted 

feature vector analysis", both of which they say accurately differentiate "the class oflo

calized corrosion, the corrosion baseline, crevice corrosion and pitting corrosion and their 

intensities". However these methods are still under development and do not yet seem 

to have been applied to coated metal systems[26]. They will not therefore be discussed 

further in this thesis . 
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Fractal analysis As electrochemical noise seems to be generated by a combination of 

random processes (such as passivation breakdown and repair) and deterministic processes 

(such as film formation and pit propagation), several researchers have analysed EN data 

using methods developed to "detect and characterize hidden deterministic or chaotic fea

tures in seemingly random data"[l 12]. A number of different chaotic parameters have 

been investigated[ 112, 66, 67], the most useful of which seems to be the Hurst exponent, 

a parameter which appears to produce results which correlate well with results from other 

electrochemical methods such as EIS[l 12]. This method was applied to coated metals by 

Moon and Skerry[87] who found it capable of distinguishing between good, medium and 

poor coatings after 28 hours of testing. They found that current noise records produced 

slightly clearer results using this method than voltage records, but feel that this may have 

been an artefact of the small number of records examined in the paper. 

The Hurst exponent evaluates the level to which the structure of a time record is "frac

tal", a fractal record being defined by Moon and Skerry as one where the "average" struc

ture of the time record is independent of the time ( or frequency) scale. Any non-fractal 

structure in the record is therefore revealed as long-term time dependence (non-random 

behaviour). Moon and Skerry evaluated the data in terms of the Hurst exponent and pre

sented it graphically as a log-log plot. The y axis showed the ratio of the differences 

in current at m measurements apart and one measurement apart (where mis a selected 

number of measurements). The x axis showed the scale (lag time in seconds between 

measurements - given by m) at which the current was analysed for each value of m. 

This resulted in a clear visual distinction between coatings of different qualities. A highly 

protective coating produced a graph with a nearly horizontal slope, indicating a near per

fectly fractal record. A medium coating started out with a graph close to horizontal and 

then moved towards the vertical as the coating deteriorated and non-random processes be

came more pronounced in the record. A poor coating showed a near vertical graph from 

the start of testing, indicating that non-random processes were already evident in the data 

from early periods of immersion[87]. 

3.3.3 Correlating different electrochemical parameters 

The lack of a firm theoretical understanding of the causes of electrochemical noise has 

led to some confusion regarding the relationship of noise data to data obtained using other 

techniques. The physical meaning of the noise resistance value in particular has been the 

subject of extensive debate and a number of researchers have commented on the need to 

establish the true relationship between this parameter and other parameters derived both 
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from noise measurements and from other electrochemical methods[136]. 

As discussed earlier, theoretically Rn includes contributions from Rp, Rpore and Rn 

(see Section 3.3.2). However many researchers predominantly discuss the relationship of 

Rn to the low frequency plateau region commonly found in Bode impedance plots pro

duced from EIS data, especially the value of the parameter Rp[126, 56, 32] and with little 

or no mention of Rpore and Rn. This presumably reflects the fact that Rn will be neg

ligible if the solution is an effective conductor, while Rpore is usually smaller than Rp, 

often by orders of magnitude. Where this is the case the sum of these three resistances 

will be little different from the value of Rp itself. However it has been recognised for 

some time that the correspondence between Rn and Rp is not valid for all electrochemical 

systems[127, 80, 85]. The impedance modulus of a parallel circuit (consisting of a resis

tance R and capacitance C in parallel - see Fig 2.3, Section 2.1) exhibits a sharp decline 

above a critical frequency, Jc, which is determined by equation given by Aballe et al[l] 

1 
Jc= 21tRpC (3.4) 

Unless the duration of the measurement period is significantly greater than the time 

constant of the parallel circuit (the value of RC), the values of Rn andRp will increasingly 

diverge as the frequency climbs above fc. If R is high, as it is with passive or coated 

electrodes, RC will be correspondingly high and the resulting time required for accurate 

measurement of Rn will be very long[l]. The two parameters are therefore related, but 

in a non-linear way, depending on the minimum frequency that can be resolved from the 

measurements taken and the direction in which the PSD plot of those measurements is 

heading at that minimum frequency[ 1]. 

For Rn to be equal to Rp therefore, Rn must be independent of frequency. Where a 

coating is degraded enough for its EIS spectrum to approach a DC limit (the low frequency 

plateau which gives the value of Rp), in general Rn= Rp. However when the coating is 

capacitive in the frequency range where noise data is generally obtained (about lHz to 

lmHz[9]) Rn will not be equal to Rp as no DC limit has been reached. As there is no 

plateau region, the values of Rn continue to increase with decreasing frequency and Rn 

therefore obviously varies according to the frequency[79]. Equally, because the values of 

Rn increase towards zero frequency, where they do not equal the DC limit they will be 

lower than Rp. This explains the tendency for experimental results to produce Rn values 

lower than Rp[lO]. 

Frequency independence is required for R~n if it is to be equal to Rn, and if this con

dition is met Rn= R~n = Rp, However a frequency independent spectral noise plot can be 
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obtained only when the current and voltage PSD plots have equivalent slopes[79]. Xiao 

et al[ 136] found in their experimental work that Rn and R~n produced similar values, both 

decreasing as the coating deteriorated and corrosion of the substrate increased. Measure

ments of Rp on the same systems however, although showing the same trend, produced 

different numerical values. 

Aballe et al[ 1] note that even though Rn can be equal to Rp in some systems, the two 

parameters are not necessarily equivalent even when using symmetrical electrodes, while 

for asymmetric electrodes the correspondence between the two parameters is extremely 

doubtful. The Rn value is in fact likely to be close to the Rp value of the less noisy 

electrode (see Section 3.3.4) and this is likely to be the inert or counter electrode rather 

than the working electrode. 

3.3.4 Practical aspects of the Electrochemical Noise Measurement 

technique 

Effect of asymmetry of working and counter electrodes on ENM 

The exact effect on the data of the different methods ofrecording electrochemical noise is 

a matter of some debate. A key aspect of the system is the level of symmetry or similarity 

between the working and counter electrodes. Although ENM relies on the fluctuations 

caused by short term differences arising between the electrodes, the permanent develop

ment of different corrosion kinetics or the use of completely dissimilar electrodes can 

complicate the interpretation of the data[76]. 

Electrodes can be asymmetrical in a number of different ways, including size, sus

ceptibility to corrosion and impedance. Even electrodes which are nominally identical 

will in practice have subtle differences in their ability to resist deterioration. In a working 

electrode pair one of the two electrodes will, because of practical differences in achieving 

truly identical preparation, be more susceptible to deterioration than the other (in the case 

of coated metals this usually means that one electrode has a poorer coating than the other). 

As soon as deterioration occurs preferentially on one electrode the pair are no longer iden

tical. Corrosion activity on the more degraded electrode will reduce the impedance of this 

electrode still further and thereby induce it to corrode even faster, a feedback loop which 

serves to increase the asymmetry between the two electrodes[ 1]. Although breakdown 

and repassivation events may be occurring on both electrodes, the electrode where pit

ting becomes established will become the "net anode" and the non-pitting electrode will 

become the "net cathode"[26]. 

Asymmetrical electrodes tend to generate different amounts of electrochemical noise, 
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and it is this property that appears to be the cause of complications in the interpretation 

of noise data. The impedances and noise levels of the individual electrodes determine 

whether the noise impedance (Rsn) calculated from EN data is close to either of the elec

trode impedances, as can be seen from Equation 3.5[1]. 

(3.5) 

In this equation (which is derived for a three electrode cell), 'Pi1 and \J'i2 are the current 

PSDs of each electrode and Z1 and Z2 are the impedances of each electrode. Unless 

'Pi1/'Pi2 < 1 when IZil / IZ2I < 1 (or vice versa), the larger of 'Pi1 and 'l'i1 will tend to 

dominate the square-root term in equation 3.5, meaning that Rsn will be close to Z2 or Z1 

respectively[ 1]. 

Equation 3.5 shows that in most cases (and unless the electrode impedances are very 

different) the value of Rsn is close to the impedance of the electrode which is producing 

the least noise. This is so even if the least noisy electrode is also the one with the lowest 

impedance, which Aballe et al[ 1] note is counterintuitive, as the electrode with the lowest 

impedance is usually expected to be the one undergoing most deterioration and therefore 

producing most noise. In non-equilibrium conditions such as pitting and crevice corrosion 

for example, the voltage noise of the electrode with low impedance is indeed larger than 

that of the electrode with high impedance. However for systems at equilibrium the voltage 

noise of the electrode with low impedance is smaller than that of the electrode with high 

impedance[9]. 

The dominance of the least noisy electrode explains the tendency found by a num

ber of researchers for the electrode in better condition to dominate the experimental re

sults. Electrodes with protective coatings in good condition generally undergo less noise

generating processes than electrodes with poor coatings, which generally undergo exten

sive, noise-generating corrosion. This was demonstrated for instance by Mansfeld and 

co-workers who found that the properties of the electrode with the more protective coat

ing in a system dominated the experimental results[76, 82]. The dominance of the least 

noisy electrode also means that the use of an inert electrode as a cathode (in place of 

one of the "identical" electrodes) may not be satisfactory for Rsn measurements because 

in most cases the electrode measured will be the less noisy one, and in most cases this 

will be the inert one. Por example when a platinum counter electrode is used the current 

flowing between the working electrode and the platinum counter electrode tends to push 

the potential of the working electrode towards the anodic direction, increasing the amount 

of corrosion and therefore noise generation at the working electrode. If the counter elec-
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trode is the least noisy electrode, the measured current and impedance of the system will 

be that of the counter and not the working electrode. In other words: the EN record and 

calculated noise impedance will only give the current noise and noise impedance of the 

electrode which is either better protected from corrosion or inert[l]. 

There are, however, exceptions to the above. If the surface area of the counter elec

trode is small (for example if a platinum micro-electrode of about 1mm diameter is used) 

the anodic displacement of the working electrode is small enough to be disregarded, and 

the working electrode can be considered to be at its own corrosion potential, though it may 

still be noisier than the counter electrode. Also, different processes can occur depending 

on the material of the working electrode and the nature of the cathodic reaction. If the 

working electrode is undergoing localised corrosion (which produces high current noise) 

and dissolved oxygen is being reduced at the counter electrode (which generates little 

current noise), the measured impedance will be that of the less noisy platinum counter 

electrode. If however the working electrode is undergoing uniform corrosion (which gen

erates low noise) and hydrogen bubbles are evolving on the platinum counter electrode 

(generating high noise), the current noise produced by the hydrogen bubbles will be higher 

than that produced by the uniform corrosion on the working electrode, and therefore in 

this case it will generally be the working electrode response which is recorded[l]. 

A difficulty with the use of nominally identical electrodes is that the current generated 

by a transient eventually ends up distributed equally across both electrodes. This means 

that even after the electrode capacitance has been fully discharged, the ZRA will still only 

have measured half of the total current generated. If the current is then used in conjunction 

with the potential to calculate the polarisation resistance of the system, this difficulty with 

current measurement will cause the polarisation resistance value to be overestimated[29]. 

A further problem occurs when the identical electrodes both have high impedance coat

ings. In this case Danielson found that almost none of the current passed through the 

ZRA at all, almost all of it being forced to self-discharge through the transient generat

ing electrode. This behaviour was dominant for electrodes with defect-free coatings with 

an electrode resistance of 109.Qcm2, but also occurred with electrodes which had high

resistance coatings containing a defect and which showed an electrode resistance of about 

106.Qcm2 . Again this would prevent the current-vs-potential response being reliably used 

to characterise the electrode behaviour. Danielson suggests that a way to eliminate this 

problem would be to replace one of the identical electrodes with an uncoated electrode to 

provide a low-impedance path which would allow the current to pass through the ZRA. 

However this would mean that the current transient would not pass through the coated 

electrode at all, so the corresponding potential information would not accurately reflect 
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the corrosion resistance of the coated electrode[29]. If one electrode was passive however, 

an external current transient would be generated in response to the corroding electrode as 

the double layer capacitance of the passive electrode was discharged. The capacitance 

would then be recharged by faradaic processes[9]. 

Effect of working electrode size on ENM 

As the amplitude of the current and voltage noise fluctuations of a system are related to 

the area of the electrodes generating them, electrode size affects ENM data. As a general 

statement, the total current noise is directly proportional to the square root of the electrode 

surface area, while the voltage noise is inversely proportional to the square root of the area 

(see discussion below). This means that for measurement of the voltage fluctuations it is 

best to use a smaller area electrode to increase the amplitude of the signal, but for current 

fluctuations a larger electrode area is better[l l]. 

Cottis[26] however notes that the effect of area on ENM may be more subtle than this, 

depending on the level of correlation in the noise events. He suggests two limiting cases: 

• Uncorrelated noise - if the current noise is produced by completely uncorrelated 

(unrelated) events, the power of the uncorrelated current noise will add and the 

variance will be proportional to area. In this case the amplitude of the current noise 

(as measured by the standard deviation) will be proportional to the square root of 

the electrode area, while that of the voltage noise will be inversely proportional to 

the square root of the electrode area. This is the same as the relationship described 

in the previous paragraph. 

• Correlated noise - if the current noise is produced solely by correlated (related) 

events, the amplitude of the current noise will be proportional to the area of the 

electrode but the voltage noise will be independent of the area. 

This means that both current and potential noise are related to a power of the electrode 

area, but without knowing the level of correlation of the noise, it is impossible to know its 

precise relationship with the electrode area. In practice EN is composed of both correlated 

and uncorrelated events, so the real relationship with area will lie somewhere between the 

two extremes described above[26]. 

The uncertainty associated with relationship between EN and electrode area affects 

not only the choice of electrode size but also normalisation of the data for area. Cottis[26] 

notes that normalisation of the data for area is not appropriate for either voltage noise or 

current noise data when used alone - instead the data should be used as recorded and 
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the area o£the sample clearly reported. Rn and Rsn measurements (which combine both 

voltage and current data) appear to be consistently inversely proportional to area, though 

this finding is based on theoretical analyses which tend to assume area dependence in the 

first place. As no experimental study has yet been conducted to verify this relationship 

with area, Cottis suggests that it may also be more appropriate for calculation 0£ Rn and 

Rsn measurements to use the data as recorded and clearly state the sample area[26]. 

Larger electrodes do however have a slight filtering effect on the current noise, intro

ducing a small phase shift. This is because the electrode capacitance is also proportional 

to electrode area, while the electrode resistance is inversely proportional to it. The larger 

capacitance 0£ a larger electrode will therefore take longer to be charged by a current 

transient. Only once it is charged will it offer an effective resistance to the noise current, 

and only at this point will the noise current be seen by the ZRA. The current transient 

will therefore show up slightly later in the time record than it has actually occurred. A 

smaller electrode will have a higher initial resistance and therefore a current transient will 

begin to pass through the ZRA sooner, thus better reflecting its true time constant. This 

phenomenon may not be an issue for much EN work however, as the effect is mainly seen 

at time scales below 0.0ls, and most EN sampling rates are slower than this. In addition 

many EN analytical techniques do not require phase information[29]. 

The area o£the working electrodes exposed to the electrolyte in different studies varies 

between about 0 .1 cm2-40cm2. In the study 0£ simultaneous voltage and current noise pro

duced by coated metals for example, researchers have used working electrode pairs with 

combined areas o£39cm2 [122], 12cm2[72], 5cm2[136] and 0.7cm2[72], though the latter 

area proved too small for the experiment to pick up deterioration found in the same coat

ing in larger test specimens[72]. Several researchers have used electrode areas smaller 

than 5cm2 for studies 0£ electrochemical noise techniques and mechanisms 0£ corrosion 

(not related to coated metals)[50, 12, 64, 65]. The ASTM draft standard recommends 

a working electrode pair 0£ area not less than 1 cm2 but does not discuss different elec

trode sizes for different applications[56]. Cottis[26] notes that large electrodes may cause 

difficulties with the measurement 0£ voltage noise where there is an inverse relationship 

between voltage noise and area, but also notes that current noise may be difficult to mea

sure for large electrodes i£ the large electrode has a low impedance leading to a poor 

signal-to-noise ratio. Cottis also notes the problem 0£ small electrodes not being truly 

representative 0£ a larger surface area, and comments that this is a particular problem 

when a small electrode is used to monitor a large structure. 
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Choice ofi reference electrode for ENM 

A variety ofi reference and pseudo-reference electrodes have been used for ENM work, 

and opinion varies as to which is best. The ASTM draft standard, for instance, advises 

against the use ofi high impedance reference electrodes for electrochemical noise on the 

grounds that they are too prone to noise pickup. Instead it suggests a low-noise, low

impedance electrode such as a saturated silver/silver chloride electrode[56]. It also notes 

that a pseudo-reference electrode can be used, suggesting either another specimen ofi the 

material under study or a completely different material that has noise characteristics at or 

below the level ofi the potential noise signal to be measured. 

The advantage ofi a true (non-polarizable) reference electrode is that any changes ob

served in the measured cell voltage can be firmly attributed to changes at the working 

electrode (minus the solution resistance[105]). A pseudo-reference electrode however 

will adopt the potential ofithe electrolyte around it. This means that as long as the compo

sition ofi the electrolyte remains constant a pseudo-reference behaves in a similar manner 

to a true reference electrode. In practice, above a concentration ofi 0.05M the solution 

should be sufficiently conductive that changes in the solution will not affect the potential 

ofithe pseudo-reference[134]. 

Bertocci[ 1 OJ et al tried using a specimen identical to the one under study as a pseudo

reference electrode, but found that even with careful preparation such "identical" elec

trodes produced very different noise levels. Because ofi this they chose to use conven

tional, "noiseless" electrodes (a saturated calomel electrode (SCE) and a saturated mer

cury sulphate electrode (SSE), both ofi which were found to generate a noise spectrum 

barely above that ofi the measurement amplifiers). Murray[90] feels that several ofi the 

conventional reference electrodes could be used for most studies to measure the poten

tial ofithe coated metal interface. Iverson and Heverly[55], however, tried the commonly 

used copper/copper sulphate electrode, found the results poor, and eventually turned to 

a platinum/lead pseudo-reference electrode instead. Hladky and Dawson[ 49] also used 

platinum wire pseudo-reference electrodes for their low impedance and consequent low 

noise pick-up. 

Frequency distribution ofiEN and effect ofi recording regime on results 

As mentioned above, in the absence ofi a conclusive theoretical understanding ofi elec

trochemical noise, there is still considerable discussion ofi the frequencies at which elec

trochemical noise produces useful information. The ASTM draft standard says that con

ventional instrumentation imposes a maximum frequency range ofi about 10-4 to lOHz. 
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Above this range EN signal amplitudes are commonly at the level of instrumentation 

noise[56], while below this range DC signal contributions (which are high amplitude) 

may cause major distortion during analysis[127]. 

Although noise fluctuations are regarded as being superimposed on the DC potential 

and current of the system[ 115], as discussed in Section 2.1 there is no absolute point at 

which low frequency AC signals cease and DC signals begin. Tan et al[l27] therefore 

question whether DC potential drift and galvanic current should not also be regarded as 

components of electrochemical noise. Cottis[26] comments that both EN and drift can be 

defned as a change of the mean potential or current divided by time, and therefore it is 

not surprising that there should be some ambiguity as to what is EN and what is drift. 

Changes in the DC components of electrochemical potential and current signals indi

cate a changing (non-stationary) electrochemical system, and where the period of change 

is longer than the measurement window the resolution of the measurements will be re

duced[ 115]. Most researchers have therefore regarded such change as a problem to be 

avoided rather than a source of further information, removing DC components either with 

analogue filters during measurement, or during post-measurement software analysis[127]. 

Certainly a number of analytical techniques are adversely affected by non-stationar

ity[127]. Gabrielli et al[39] for instance note that in theory spectral analysis can only 

be done before pitting corrosion starts - after pitting is established the electrochemical 

system is no longer stationary, and spectral analysis is in theory only appropriate for 

stationary processes. As low frequency measurements require long measurement periods, 

during which time the system under study may change, they also feel that spectral analysis 

is very difficult to do at low frequencies. However they discuss work by a number of 

authors who have used spectral analysis for systems where pitting has been established 

and note the opinion of Bertocci and co-workers that the lack of a DC limit in the spectra 

produced for such systems may be the result of non-stationarity rather than the limitations 

of the frequency range investigated. 

A number of methods have been used to eliminate the DC drift from electrochemical 

noise data on the basis that once DC drift has been removed stationarity can be assumed in 

the processed data[24]. Analogue and digital filters have been used, but no study has yet 

been undertaken on the appropriateness of these methods[127]. A traditional method of 

removing DC drift from the record is the "least squares" statistical process ( essentially a 

method of applying a high-pass filter to the data), which has been used for electrochemical 

noise analysis by a number ofresearchers[115]. However Tan et al are of the opinion that 

this procedure is not appropriate for electrochemical noise analysis[127]. Eden[32] says 

that the low frequency component of the noise signal will increase with time and suggests 
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that therefore the data should be analyzed as discrete windows of equivalent size, not as 

a whole running from the beginning to the end of the record. Tan et al[l27] are in the 

process of developing a new technique called Moving Average Removal, which removes 

the average values ( changing with time) of the noise data on the basis that these should 

represent the DC trend. 

The data acquisition regime for ENM also has a significant effect on the validity of 

the results acquired. Choices such as the sampling rate, number of samples per record and 

period of measurement affect both the frequency bandwidth that is accurately reflected in 

the results and the values obtained for key analytical parameters. Factors which must be 

taken into account in the development of a suitable data acquisition regime include the 

following: 

• the amount of information the storage unit (usually a computer) can hold (this is 

particularly important if data is being allowed to accumulate for a number ofrecords 

before being downloaded) 

• the rate at which the AID conversion can be performed and data recorded 

• the frequency bandwidth of interest (see below) 

• the number of samples required for the chosen analytical method (FFT analysis (or 

example requires a total number of samples that is a power of 2, with the reliability 

of the analysis increasing with the number of samples taken[87] 

• the available measurement period 

The sampling rate should be such that as much data as possible is acquired at the rele

vant frequencies, without causing aliasing at the higher frequencies or producing artefacts 

at the lower frequencies. Aliasing occurs when the frequency of sampling is too low, so 

that there are insufficient data points to accurately reflect the periods of the higher fre

quency components of the signal. The minimum number of points that can accurately 

register the amplitude of a signal at its correct frequency is two points for each cycle at 

that frequency. This means that the highest frequency that can be accurately registered is 

half the sampling frequency. This is know as the Nyquist limit or Nyquist frequency. As 

there is no way to separate aliased and real signals, frequencies above the Nyquist limit 

must be filtered out before sampling[26]. Low frequency artefacts are produced when the 

frequency of sampling is too high, potentially resulting in spurious correlations between 

data points[ 131]. 

61 



Uruchurtu and Dawson[13 l] provide the following equations for relating the sampling 

rate and measurement period to the highest and lowest measurable frequencies that can 

be resolved in the frequency domain. 

1 
fmin = Ndt 

1 
fmax= 2M 

(3.6) 

(3.7) 

where dt is the sampling interval and N is the number 0£ samples in the data set. 

These equations show that f min depends on the measurement time, whereas f max de

pends on the sampling frequency[l0]. 

The data acquisition regime must be tailored to produce a total number 0£ samples 

that is practical in terms 0£ computer storage space and processing time. For long mea

surement periods this may mean that only part 0£ the data can be stored. With long term 

on-line industrial EN monitoring for instance, the stored parameter is often a statistical 

value derived from the time record rather than the time record itself[2]. 

Trying to meet the above criteria, different researchers have used various sampling 

regimes. A number 0£ papers giving experimental details 0£ electrochemical noise mea

surements on coated metals were examined to determine what sampling rates other re

searchers have used. Table 3 .2 shows the minimum and maximum frequencies for papers 

where sufficient information was available 7 - other papers examined either did not spec

ify their sampling regime or frequency range at all or referred to information presented in 

previous papers (some o£which are included in the table). 

This table shows that different research groups prefer different sampling regimes, but 

all fall within the bandwidth 0.0007-lHz, with most having a minimum frequency 0£ 

about 0.00lHz. 

The reasoning behind the choice 0£ the different regimes is not always explicit but 

some papers do comment on the relationship between the causes 0£ electrochemical noise 

and noise frequency. Eden[32] for instance feels that instrumentation noise becomes pre

dominant over lHz, while Gabrielli and Keddam[40] feel that instrumentation noise does 

not take over until l 00Hz but that below 1 00mHz the measurements are distorted by the 

natural drift 0£ the system. The low sampling rates used by Chen et al[23] and Moon 

et al[87] were chosen "because corrosion processes under coatings were expected to be 

fairly slow". Bertocci et al[9] comment that lmHz-lHz is the bandwidth generally used 

for noise work. Cottis[26], noting the disagreement over the optimum sampling frequency 

7The sampling rate quoted for Chen et al (1991) was not stated in the paper but was calculated from the 
number ofi samples and measurement period quoted 
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Table 3.2: Sampling Rates 

Paper Sampling Samples fmin fmax 

interval per record 
(s) (Hz) (Hz) 

Chen et al 1991 22.03125* 64 0.0007 0.0227 
Xiao et al 1994 0.5 2048 0.00098 1 
Xiao et al 1997 0.5 2048 0.00098 1 
Mansfeld et al 1997 0.5 2048 0.00098 1 
Moon et al 1995 16 64 0.00098 0.03 
Mills et al 1995 2 256 0.00195 0.25 
Mills et al 1993 2 256 0.00195 0.25 
Bierwagen, Mills et al 1996 2 256 0.00195 0.25 
Bierwagen, Jeffcoate et al 1996 2 256 0.00195 0.25 
Mabbutt et al 1997 1 256 0.0039 0.5 

for ENM, comments rather drily that the use OD sampling frequencies OD around lHz is 

more to do with convenience than the EN itsel:D- "[lHz] is a "nice round number," 

it is easily achieved with standard digital voltmeters, and it is well clear OD power line 

frequencies, so interference can be avoided easily." 

Recent work has also suggested that to achieve accuracy with particular ENM analyt

ical methods, longer measurement times may be needed than are currently common. Al 

Ansari and Cottis[2] looked at the low frequency end ofohe noise spectrum by averaging 

1024 time records oD600 samples each to create a new "time record" effectively sampled 

once every 600 seconds. This enabled them to study frequencies down to approximately 

1 o-6Hz without aliasing problems. To look at higher frequency data they averaged a 

number OD conventional 1024 sample time records. The data was transformed into the 

frequency domain to create a combined spectrum which showed clearly that conventional 

measurement times (which allow analysis down to approximately 1 o-3Hz) are not long 

enough to provide a true estimate OD the low frequency limit in either a power density 

spectrum or a noise impedance measurement. They note that noise resistance calculated 

from the standard deviation OD the current and voltage time records is similarly subject to 

problems with validity resulting from insufficient measurement times. 
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Chapter 4 

Experimental development of an 

Electrochemical Noise Measurement 

system 

Comparing the techniques chosen for investigation in this study, it seemed evident that 

CPM required minimal equipment but gave relatively minimal information, while EIS 

offered extensive information but required bulky and costly equipment. ENM seemed to 

offer a middle ground- more information than CPM, but without requiring such complex 

and expensive equipment as EIS. 

ENM is often performed using equipment built for general electrochemical measure

ments. These instruments are generally designed to be able to handle several different 

techniques and are intended to be sited in a fairly static position in a laboratory. They 

are therefore electronically complex and physically bulky, as well as being very costly 

by conservation laboratory standards. Cottis[26] also notes that they are generally poor 

at measuring EN, especially current noise, with the use ofi auto-ranging for the current 

sensing resistor causing particular problems. In addition, when a low sampling frequency 

is used for ENM there is generally a gap between the filters used in such equipment to 

remove mains interference, and the Nyquist limit ofithe EN sampling frequency. The lack 

ofi anti-aliasing filters to remove signals in this range means the data may be affected by 

aliasing. 

A key advantage ofi ENM however, is the simplicity ofi the basic electronic circuitry 

required[127]. It was therefore decided to tailor the ENM technique to conservation by 

designing, building and testing an electrochemical noise recording instrument that was 

robust, low cost, and sufficiently portable to be moved to large collection objects which 

cannot be readily removed from their storage or display locations. 
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4.1 General approach and system requirements 

In 1995 an initial literature search was conducted to identify the methods then being used 

to record electrochemical noise. Data from a number ofreferences [54, 118, 7, 49, 50, 55, 

33, 122, 71, 131, 121, 123, 113, 23, 86, 125, 48, 80, 70, 117, 111] was tabulated under 

the following headings: 

• Authors 

• Date 

• Purpose of study 

• Parameters measured 

• Electrodes used 

• Equipment used 

• System configuration 

• Frequency of noise recorded 

• Sampling rate 

• Analytical method 

• Comments 

With this data it was possible to identify trends in equipment use and lay the ground

work for an initial approach to the circuit design. One study seemed particularly relevant. 

Eden et al had studied coated metals using a self-built ENM system in 1986[33]. They 

used analogue instrumentation in which current noise was measured using a working elec

trode pair (connected through a low noise zero resistance ammeter (ZRA)) and voltage 

noise was measured using one of the working electrodes and a reference electrode. Key 

features of this system were the use of: 

• a custom built ZRA, serving both as a current-to-voltage converter (allowing the 

signal to be recorded as a voltage) and allowing the current noise of the cell to be 

measured without incurring a voltage drop within the measuring ammeter; 

• a high impedance buffer (to minimize current drawn from the system during mea

surement of voltage noise[56]); 
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Figure 4.1: Block Diagram of ENM instrumentation 

• the working electrode as a common input to both the current and voltage measure

ment circuits (this input was also connected to ground); 

• analogue filters to condition the noise signals before measurement 

These features formed the basis of a preliminary circuit design for an ENM instrument, 

which was developed with the assistance of Javier Alvarez of Swinburne University and 

built as a breadboard prototype. A block diagram of the system is shown in f,gure 4.1. 

The circuit comprised two channels: 

Channel I - voltage noise amplification and filtration. 

Channel 2 - current to voltage noise conversion, amplification and filtration; 

The amplification and filtration was initially designed to do three things: 

1. Amplify the noise signals - this was required for two reasons. Firstly, amplifi

cation of the signal at an early stage in the measurement circuit ensures that noise 

from subsequent parts of the instrumentation should be insignificant[26]. Secondly, 

it was necessary to boost the noise signals into the millivolt range, to enable them to 

be recorded using a low cost analogue to digital (AID) conversion and datalogging 

system which required millivolt input signals. The draft ASTM standard notes that 

the amplitude of electrochemical noise can be as low as microvolts and picoamps 

(possibly even lower for some coated specimens), and such signals are generally 

below the sensitivity of the cheaper dataloggers[56]); 

2. Prevent the DC component of the signal being amplified - the DC component 

of the signal obtained from an electrochemical cell is generally several orders of 
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magnitude larger than the AC component. Subjecting it to the same amplification 

as the AC noise would therefore saturate a measuring circuit which was optimised 

for recording the low level AC fluctuations[127]. 

3. Remove signals at frequencies above the expected Nyquist limit for recorded data 

to prevent aliasing 

4.1.1 Circuit design: Breadboard instrument 

The initial circuit design incorporated the features described above. Amplification in this 

preliminary instrument was done using chopper stabilized operational amplifiers which 

prevent unwanted amplification of: the DC component of: a signal by removing it during 

amplification otthe AC component, and then adding it back in to the signal at a later stage. 

However this circuit design failed to pick up the targetted EN signals, and was subject to 

significant interference from external noise sources. 

Over the next two years further iterations of: this design were trialled. Improvements 

were made to the circuit's response to low signal frequencies and amplitudes, its resis

tance to electronic and magnetic interference ( especially from mains power sources) and 

its amplification characteristics. The zero resistance ammeter was retained, but the chop

per stabilized amplifiers were discarded in favour oflow noise, high gain OP77 amplifiers 

(manufactured by Analogue Devices). The DC component of: the signal was removed 

altogether using analogue filters based on capacitors (thus removing the problem of: am

plification of: the DC component) and 50 Hz notch filters were added to remove noise 

from mains power sources. This work improved the response of: the circuit sufficiently 

for the results shown in Fig 4.2 to be reported in a paper in late 1996[132]. 

As with previous iterations of: the circuit, the DC component of: both the current and 

voltage signals was filtered out and the AC component of: the signals amplified to a level 

which allowed them to be measured by a low cost datalogger. To allow portability and 

to reduce AC interference the system was powered by two rechargeable, 12V lead acid 

batteries (YUASA l .2Ah), with two electrolytic capacitors to eliminate noise spikes from 

the batteries. A picture otthe system is shown in Fig 4.3. 

For simplicity the circuitry responsible for voltage amplification and filtering was es

sentially the same in both stages. The operational amplifier used throughout the circuit 

was the Analogue Devices OP77 which was cheap ($3 per unit in 1996) and featured 

reasonable gain (x 107) and gain linearity over its full ±lOV output range. 

The basic gain function for the amplification stages otthis circuit is given by an equa

tion otthe following form[19] 
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Figure 4.3: The breadboard circuit used during the 1996 series of experiments. 

Gv=R1+Rg 
Rg 

(4.1) 

where Gv is gain, Rf is the feedback resistor and Rg is the resistor connected to ground. 

In addition the first stage of the current channel, a ZRA, converted current to voltage 

according to the equation 

(4.2) 

where Vout is output voltage and I;n in input current. 

The theoretical gain of the voltage amplification circuitry for the 1996 circuit design 

was given by the equation 

Gv = R6+RsR2 +R1 
Rs R1 

(4.3) 

The theoretical gain (including current to voltage conversion) of the current channel 

amplification circuitry was given by the transfer function (Ti) 

(4.4) 

The theoretical value of TJ varied from 4.7 x 108 (where R2 = 560K) to 4.7 x 105 

(where R2 = 0.56K). In practice however the amplification factor of both circuits was 

somewhat reduced by the filtering components (see Section 4.2). In both the voltage and 
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current channels the components R3 and C1 constituted a high pass filter with a halDpower 

frequency oD4.4mHz (effectively filtering out the DC component oDthe signal). Compo

nents C4, R9 and C5 constituted a low pass filter designed to remove most noise above 

lOHz. Resistors R4, Rs and R13 were positioned to prevent discharge from capacitors Ci, 

C2 and C3 damaging the adjacent operational amplifiers. 

Though this was a reasonable start, adventitious noise was still a problem and the 

amplification ranges needed modification as large signals tended to cause saturation OD 

the amplifiers. Further design development work resulted in the circuit shown in Fig 4.4, 

experimental trials OD which were presented in two further papers in 1997 [ 108, 109]. This 

design can be seen in its breadboard form in Fig 4.5. In this circuit design the voltage 

and current channels are identical except for the channel input arrangements, and the 

components oD the circuits have been numbered to reflect this similarity. This means 

that the voltage and current gain equations presented below include components with the 

same designations (for example, R3). In the voltage equation R3 refers to a resistor in the 

voltage channel, whereas in the current equation R3 refers to a component in the current 

channel. 

Improvements to the earlier circuit were made as follows: 

• a 50Hz notch filter was added to further reduce interference from mains sources; 

• lµF capacitors were added in parallel to the feedback resistors on the first amplifi

cation stages oDboth the current and voltage channels to increase the stability ofohe 

circuit; 

• variable amplification was added to the second amplification oDthe voltage channel 

to facilitate measurement OD voltage signals OD differing amplitudes, and amplifica

tion ranges on the second amplification stages oDboth current and voltage channels 

were set at 1 00K, 1 OK and IK to better reflect the noise amplitude encountered 

during experimental work; 

• the third amplification stage was removed from the current channel, as it was intro

ducing excessive noise to the signal; 

• high impedance Analogue Devices (AD)549 electrometer operational amplifiers 

were introduced to the first amplification stages OD both the current and voltage 

channels in place OD OP77 amplifiers. 

The basic design for the amplification stages remained the same as in the 1996 design. 

The theoretical gain oDthe voltage amplification circuitry for the 1997 circuit design was 

therefore given by 
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Figure 4.5: The breadboard circuit used in the 1997 series of experiments. 

(4.5) 

where V;n is the input voltage, Vii is the voltage output and k is the signal reduction 

caused by filter components, experimentally determined to be 30% of theoretical signal 

amplitude 

The theoretical gain (including current to voltage conversion) of the current channel 

amplification circuitry was given by the transfer function 

(4.6) 

4.1.2 Circuit design - Boxed instrument 

After reasonably satisfactory experimental results were obtained with the 1997 version of 

the circuit outlined above, the decision was made to convert the system to a boxed, printed 

circuit board. The resulting instrument (subsequently referred to as the "2000 Circuit") is 

shown in Fig 4.6. 

The conversion was done by Allen Kerr of the Australian National University Re-
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Figure 4.6: The boxed instrument and cell in use. 

search School of Chemistry (ANU RSC) electronics laboratory. A number of minor 

changes were made to the circuit during the process to improve the precision and shielding 

of the circuit. These are listed below and can be seen in the circuit diagram in Fig 4.7: 

• feedback resistors in the amplification stages of both channels were changed where 

necessary to values that would give precisely the gain required. For example, in the 

1997 breadboard design the combination ofresistors R11 (LKQ) and R12 (lO0KQ) 

actually produced a theoretical gain of x 101 instead of x 100. On the printed circuit 

board therefore, R12 was replaced by two separate resistors (R3 and R-4) with values 

of 43KQ and 56KQ respectively. This gave an exact gain of x 100. How effective 

this improvement was however is a moot point, as the analogue :filters in the circuit 

reduced the gain by an unspecified amount. The real gain therefore still had to be 

determined by calibration with a known signal. 

• a 1 00KQ resistor (R 1) was included in the voltage channel to prevent leakage 

through the input by providing an alternative path. Without such an alternative, 

any charge accumulating on the guarded high impedance input would be forced to 

leak back along the input path, thus affecting the measurements. 

• capacitors were placed on pin 4 of each operational amplifier to bypass the volt

age rails and reduce the possibility of voltage spikes (this is known as supply rail 

bypassing) 
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• a small circuit (M5-0S on the circuit diagram, bottom right comer) was added to 

provide a connector for monitoring the battery voltages 

• a grounding switch was added, theoretically to give the operator the option to 

choose whether the WE input (which is common to both channels) was connected to 

the equipment chassis or the battery common (internal power supply). However it 

was later determined that this connection had accidentally been made to the chassis 

at all times, regardless of the switch position. 

• as the batteries were no longer readily accessible for recharging, a charger unit was 

designed and built by Chuck Young of the ANU RSC electronics workshop. The 

circuit for this is shown in Fig 4.8 

Electrical and experimental trials were then carried out to verify the performance of 

the boxed version of the instrument. Details of the experimental trials are recorded in Sec

tion 5 and Section 6. The electrical trials were conducted as recommended in the ASTM 

standardization of electrochemical noise measurement[56] and are described below: 

Voltage circuit - it was confirmed that the voltage noise channel could successfully 

detect an alternating signal of 1 o-6v in the presence of a 1 V DC signal. 

Current circuit performance -

• using a 5.5 digit Digital Voltmeter (DVM) the output voltage of the ZRA was 

measured between the output of the ZRA operational amplifier and ground, 

with nothing connected at the inputs. The output voltage was confirmed to be 

less than lµ V. 

• a 9V battery in series with a 1 00KQ resistor was used to produce a nominal 

current of 90µA at the inputs of the ZRA. Using a 1 0KQ feedback resistor the 

output of the ZRA was confirmed to be 0.9V. 

This completed the design work and prototyping of the ENM instrument carried out 

during this project. Each of the iterations of the circuit detailed above was calibrated 

with a reference signal and tested for baseline instrumental noise before being used to 

evaluate electrochemical cells. The results of the calibration and background noise tests 

are presented in the following section. 
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4.2 Circuit calibration and evaluation of background noise 

Circuit calibration is necessary to determine the actual ( as distinct from the theoretical) 

gain ofi both the current and voltage channels, and to determine the frequency range, or 

bandwidth, over which the gain ofi each circuit is constant. Calibration ofi each iteration 

ofi the circuit design was performed by inputting a sinusoidal voltage signal ofi known 

amplitude (peak to peak) and frequency and observing the amplitude and frequency ofithe 

resulting output signal. The input signal was produced by a Wavetech function generator 

(Model 19) and the output signal was monitored using a Hewlett Packard digital storage 

oscilloscope (Model 54600B). · 

Although the function generator could produce a signal ofi sufficiently low frequency 

to test the ENM circuit, it could not produce a signal ofi sufficiently low amplitude. A 

voltage attenuator was therefore used to reduce the input signal sufficiently to simulate 

the signals expected from real electrochemical cells, and therefore provide a suitable cal

ibration signal (see attenuator circuit diagram in Fig 4.7). 

A voltage input signal was used to test both the voltage and current channels ofi the 

ENM instrument. This is quite appropriate as the input voltage is proportional to the input 

current according to the value ofi the attenuator input resistor (Ra): fin = °Vjn/ Ra, 

The noise characteristics and ability ofi each version ofi the circuit to reject environ

mental noise were evaluated by recording the noise produced without an active cell con

nected. The voltage channel inputs were shorted (both inputs were connected to ground), 

while the "high" input for the current channel was left disconnected ( dangling) and the 

"low" input was connected to ground, as suggested in the draft ASTM standard[56]. De

tails ofithe noise characteristics ofieach version ofithe circuit are shown below. 

4.2.1 Breadboard instrument: Calibration and background noise eval-

uation 

1996 Circuit Calibration was performed using the procedure described above. The 

results obtained from the calibration are shown in Fig 4.9. The calibration shows that 

the frequency bandwidths oficonstant gain was around 0.02-lOHz for the voltage channel 

amplification and 0.008-l0Hz for the current channel amplification ranges, the respective 

average gains over this bandwidth being 1.2 x 104 for the voltage channel and 6.6 x 104, 

1.8 x 105, 1.9 x 106, and 1.7 x 107 for the current channel. These bandwidths did not 

however fully encompass the resolvable frequency range ofi 0.00195 - lHz calculated 

from the chosen data sampling rate and sampling time (see Section 4.4). 
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Figure 4.9: Frequency response and gain of the 1996 circuit, showing the single range of 
the voltage channel and the four ranges of the current channel 
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Figure 4.10: Background noise obtained on the 1996 circuit without an active cell con
nected. 

The instrumental noise was tested using the procedure described above and can be 

seen in Fig 4.10. The instrumental noise was in the order 01' 10-6v on the voltage channel 

and 1 o-8v on the current channel. 

1997 Circuit Calibration was performed using the procedure described above and the 

results obtained are shown in Fig 4.11. The calibration shows that the frequency band

width 01' constant gain was around 0.02-lHz for both channels, the respective average 

gains over this bandwidth being 5.6 x 104, 5.4 x 103 and 7.8 x 102 for the voltage chan

nel and 3.6 x 106, 3.1 x 105 and 3.7 >< 104 for the current channel. This bandwidth was 

closer to the resolvable frequency range 01'0.00195-lHz calculated from the chosen data 

sampling rate and sampling time (see Section 4.4), though it was still short 01' the lower 

frequency limit o1'0.00195Hz. 

The instrumental noise was tested using the procedure described above and can be 

seen in Fig 4.12. The instrumental noise was in the order 01' 1 o-6v on the voltage channel 

and 10- 11 V on the current channel. 

2000 Circuit Calibration was performed using the procedure described above and the 

results obtained are shown in Fig 4.13. The calibration shows that the frequency band

width ofaeasonably constant gain was around 0.05-l .5Hz for both channels, the respective 

average gains over this bandwidth being 5. 0 x 104, 5. 0 x 103 and 5. 0 x 102 for the voltage 

channel and 5 .2 x 1 O 7, 5 .2 x 106 and 5 .2 x 105 for the current channel. As with the bread

board version oMhe design the bandwidth was close to the resolvable frequency range 01' 
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Figure 4.11: Frequency response and gain of the 1997 circuit, showing the three amplifi
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Figure 4.12: Background noise obtained on the 1997 circuit without an active cell con
nected. 
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Figure 4.14: Background noise obtained on the boxed instrument without an active cell 
connected. 

0.00195-lHz calculated from the chosen data sampling rate and sampling time (see Sec

tion4.4), but short of the lower frequency limit of 0.00195Hz. It is also noticeable that the 

shape of the calibration curves for the boxed instrument are subtly different from those of 

the 1997 breadboard, the boxed instrument showing only a reduction in the curvature of 

the plots where the breadboard showed a region of truly flat response (see Section 4.6 for 

further discussion of the relative performance of the different versions of the circuit). 

The instrumental noise was tested using the procedure described above and can be 

seen in Fig 4.14. The instrumental noise was in the order of 10-6v on the voltage channel 

and 10-11v on the current channel. 
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4.3 Shielding and grounding 

Electrochemical noise signals are generally ofi comparatively low amplitude. This means 

that interference from sources ofielectrical or electromagnetic noise can easily overwhelm 

the electrochemical noise being recorded. Such noise sources can include mains power, 

mechanical vibrations, poor grounding arrangements, and the circuit components ofi the 

ENM instrumentation itselfi Even when the frequency ofisuch interference is significantly 

different from the EN signals (for instance mains noise is, at 50Hz, ofi a substantially 

higher frequency than most electrochemical noise) phenomena such as aliasing (see dis

cussion in Section 3.3.4) can still allow this interference to affect the quality ofithe EN 

data[2, 127]. 

The ability ofithe circuit described above to respond to noise from an electrochemical 

cell is therefore affected by measures taken to reduce interference from non-electrochem

ical sources. As well as the noise rejection features ofi the circuit itselfi (which have been 

discussed in the section on circuit design), other measures have been taken in the current 

study to reduce interference. These are briefly discussed below. 

4.3.1 Use of a Faraday cage 

To reduce the influence ofithe many sources ofinoise interference in the laboratory, the cell 

and ENM instrument were enclosed in a Faraday cage ( a conductive enclosure) connected 

to the Dacpad-71B ground (see Fig 4.15). 

The cage was constructed by the Swinburne University Technical Workshop accord

ing to specifications developed according to the principles outlined in Ott (1988)[95] and 

consists ofi a wooden framework covered with an interior and exterior layer ofi aluminium 

flywire mesh. A Perspex sheet was used to line the base ofi the cage and the entire front 

panel ofi the cage can be raised to give access to the interior. Connections were made 

across any breaks in the mesh to ensure electrical continuity, so that interference picked 

up by any area ofi the mesh would be transferred to the grounding point. To reduce me

chanical vibrations the Faraday cage containing the cell and ENM instrument was placed 

on a polyethylene foam pad. 

4.3.2 Choice of cabling systems 

Three cabling systems are suitable for use at low frequencies: shielded twisted pair cables, 

coaxial cables and triaxial cables. 

• Shielded twisted pair cables (where a pair ofishielded cables are twisted around each 
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Figure 4.15: ENM equipment setup in 2000 showing the Faraday cage in use. 

other) are particularly good for work below 1 00Hz and provide excellent shielding 

against magnetic pickup, as the magnetic fields on each cable in the pair cancel 

each other out[95]. However with the 3-electrode cell design used in this study 

one cable would have to remain unpaired, and the remaining two cables carrying 

signals from the electrodes would have to be untwisted for much 0£ their length to 

allow sufficient length for them to be attached to different electrodes. This seemed 

to cancel out the advantages 0£ the twisted pair configuration. 

• Coaxial cables are also good at low frequencies, but the shield is part 0£ the signal 

path, and any noise voltage along the shield can therefore appear as noise in the 

signal[95] 

• Triaxial cables ( double-shielded with insulation between the two shields) avoid the 

coaxial problem 0£ having the shield as part 0£ the signal path. The noise and 

signal currents flow through different shields and do not therefore share the same 

impedance. However triaxial cable is expensive, difficult to obtain and awkward 

to use[95]. Although triaxial cable could not be obtained for this project commer

cially, a sample was obtained for testing and was found to be extremely thick and 

very difficult to fit around the cell and ENM instrument. 
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Although twisted shielded pair cabling was used in the 1996 work, coaxial cable 

seemed to have the least disadvantages for this application and was therefore used for 

the later work, carrying signals both from the cell to the ENM instrument and from the in

strument to the datalogger. The exception to this was the cable connecting the WE signal 

to the Dacpad-71B in the 2000 experiments. As the WE was the signal low in the single

ended configuration ofi both the voltage and current channels, it was therefore connected 

to battery common (the instrument's battery power source) which in tum was connected 

to the chassis ground. As chassis ground was the connection point for the cable shields 

(which were connected at only one end to prevent ground loops[95]), placing a shield on 

this particular cable would have been pointless. 

4.4 Data acquisition 

4.4.1 Data acquisition hardware and software 

Analogue to digital conversion ofi the current and voltage noise signals from the above 

circuitry was performed by an Advantech DACpad-71B datalogger controlled by Advan

tech GENIE software. The datalogger uses a PCM CIA card ( a credit card size unit which 

slots directly into the computer body) to communicate with a Notebook computer (in this 

case a Dual 486). The datalogger and PCMCIA card can be seen in Fig 4.16. 

The datalogger remains completely separate from the computer and can be used with 

any Notebook computer fitted with a PCMCIA module and appropriate software. Its low 

power consumption allows it to run offi the Notebook battery, so the equipment can be 

used for limited periods ofi time at unpowered sites. The DACpad-71B has eight input 

channels, eight input ranges (±0.005V to ±10.0V) and 12 bit resolution. 

4.4.2 Data acquisition regime 

A sampling rate ofi 2 samples per second (500mHz) and a total record ofi 1024 samples 

was chosen for the experimental work in this study. According to the equations provided 

by Uruchmtu and Dawson (see Section 3.3.4) this regime provides accurate resolution 

in the bandwidth ofi 0.00195-lHz. Although this bandwidth has a minimum frequency 

somewhat lower than the constant gain bandwidth ofi the ENM instrument, this was not 

considered a major problem as the calibration ofi the performance ofi the circuit at differ

ent frequencies allowed the lower gain at low frequencies to be taken into account (see 

Section 5.3.3). 
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Figure 4.16: Dacpad-71B datalogger and PCMCIA card. 
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4.5 Cost 

The cost of the ENM system described above is as follows: 

Electronic components: The cost of components for the boxed version of the instru

ment was approximately $800 in 1998 (estimate $1065 in 2001). This includes box, 

batteries, electrical components, operational amplifiers and shielded cables. 

Labour: The cost of labour to manufacture the instrument has not been assessed. 

The time to manufacture the boxed instrument used in this study was high due to the 

design requirements of the task. When the development of the circuit was initiated it 

was envisaged that the instrument - if successful - could be manufactured and sold 

on a limited basis by a specialist conservation supplier. In this case the manufacture 

of multiple units to a set design would reduce labour costs. It was anticipated that this 

arrangement would also provide support for the system in terms of repairs and user help 

facilities. Due to time constraints and the limitations of the instrument developed in this 

study these options were not explored further. 

The costs of the dedicated hardware and software required to run the system were as 

follows: 

• Advantech Dacpad-71B datalogger- $660 in 1995, estimate $1170 in 2001) 

• PCMCIA Module for Notebook computer $240 in 1995, estimate $425 in 2001) 

• Advantech GENIE software $355 in 1995, estimate $572 in 2001) 

• Windows driver for Dacpad-71B $70 in 1995, estimate $123 in 2001) 

The total estimated cost of electrical components and dedicated hardware and software 

for 2001 is therefore $3355. 

The other components of the system- a Dual 486 Notebook computer ( or equivalent) 

and Microsoft Excel software are items considered to be available to most conservation 

laboratories and are not therefore counted as part of the cost of the system. 

4.6 Future development of the system 

The development of the system described above was limited by the time constraints of 

the current project. The breadboard version of the 1997 circuit produced encouraging 

results, and it was hoped that the conversion of this to a boxed printed circuit board (pcb) 

would further reduce background instrumentation noise levels. Although the boxed ver

sion performed well and proved very stable and reliable to use, the background noise 
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levels remained much the same as for the breadboard. This result could in fact have lit

tle to do with the instrument itself as, in addition to using the new boxed version of the 

circuit, changes were made to other aspects of the experimental setup used in the 2000 

experiments. For example the design of the cell and of the reference and counter elec

trodes were changed, the size of the working electrodes was slightly different, and the 

experiments were conducted in a new location (see Section 5). 

It is worth noting, however, that the breadboard design was the result of extensive 

testing and modification whereas, due to time constraints, the boxed pcb version went 

through only one design iteration. As a number of apparently minor changes were made 

to facilitate the conversion of the design to a pcb, it is possible that these changes caused 

unexpected changes in the performance of the instrument as a whole. This may be the 

explanation for the change in the shape of the bandwidth of the instrument ( see Sec

tion 4.2.1 ). Further testing and modification of the boxed pcb version might have identi

fied and corrected such changes, as well as possibly producing further improvements to 

the performance of the design. 

Although time constraints precluded much further testing and modification of the 

boxed instrument, a number of ideas for potential improvements were discussed with 

Allen Kerr of ANU. Some of these are presented briefly below: 

• Using chopper stabilized operational amplifiers. As discussed above (see Sec

tion 4.1.1) these were used in a very early version of the circuit which did not give 

good EN signals. They were therefore discarded in favour of capacitors which fil

tered out the DC component of the signal completely (as opposed to just removing it 

during the amplification stages). However given that chopper stabilized amplifiers 

have been successfully used in the detection of EN signals in other studies[54], the 

problem may not actually have been with the use of this type of amplifier but with 

another aspect of the circuit. It may therefore be worth trying this approach again. 

• Using a differential configuration. A differential configuration was tried during the 

development of the breadboard design in 1997 in an attempt to increase input noise 

rejection. For the same reason a differential configuration was also trialled on a 

breadboard in 2000 (by slightly modifying the inputs of the 1997 circuit design). 

In both cases however the single-ended design gave lower background noise and a 

better response to the small signals produced by high impedance coatings (probably 

due to the higher input impedance of the single-ended design). However it may be 

possible to design a differential configuration that maintains a high input imped

ance, and therefore is able to take advantage of the higher noise rejection potential 
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ofahe differential configuration. Allen Kerr however noted that the differential con

figuration is principally useful for high frequency work, where inductance in the 

circuit grounding can cause problems. 

• Altering the input guard system. The voltage channel inputs could be guarded using 

a technique known as "bootstrapping". As the input voltage on the voltage channel 

rises, an equal voltage is used to drive the input guard circuit to prevent stray capac

itance at the input from interfering with the signal. However this system can also 

act as an aerial and actually pick up noise, and in fact a briefarial ofahis method did 

seem to suffer from this problem. It would be useful to be able to drive the voltage 

input guard or not as required, thus allowing the method to be directly compared 

with other grounding arrangements. 
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Chapter 5 

Evaluation of electrochemical 

techniques - experimental method 

The electrochemical experimental work for this project was carried out in three separate 

phases, each phase being used to evaluate a significant stage in the development of: the 

ENM instrument described in the previous chapter. The first phase, completed in 1996, 

was only relevant in as much as it allowed evaluation and consequent development of: 

the first version of: the ENM instrument developed during the study. It will therefore not 

be reported here. The second and third phases, which are reported here, will be referred 

to as the 1997 and 2000 experiments, reflecting their association with the second (1997 

breadboard circuit) and third (2000 boxed pcb) versions of:the ENM instrument. 

Due to changes in both the availability of: equipment and the preferred experimental 

method during the project, some differences exist in the details of: experimental arrange

ments used in the different experimental phases. These differences will be described in 

the relevant sections below. 

5.1 Sample preparation 

To evaluate the three electrochemical methods under study it was decided to use substrates 

and coatings which would as far as possible be a reasonable reflection of: conservation 

contexts. Mild steel coupons were selected, as ferrous metals are extremely common in 

museum collections - particularly in technology and in some art collections. In each 

case coupons were obtained precut to size (10 x 6cm) from a local metal supplier. The 

exact composition of: the samples was not determined as it was not considered critical to 

the outcome of: the experiments. The metal was obtained in two batches, one for the tests 

in 1997 and one for the tests in 2000. The composition was consistent within each batch. 
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A range of coatings was selected to represent a range of corrosion protectiveness (and 

thus a range of impedance/resistance values that would test the responsiveness of the three 

investigative techniques). Where possible these included coatings actually used or con

sidered for use in conservation treatments at the Museum of Victoria and the Australian 

War Memorial. 

Consistency of coating preparation and coating thickness for electrochemical test sam

ples is difficult to achieve. Bierwagen[13] says that variability in coating thickness is the 

largest single cause of discrepancies between the behaviour of replicate test samples, not

ing that even industrially the best precision that can be achieved is ±5%, while normal 

laboratory methods (including hand applications such as brushing) give far more variable 

results. Consistency of pretreatment of samples can also be problematic, as can consis

tency between batches of both substrate and coating. 

Despite the problems of consistency with hand application of coatings, it was decided 

to apply the coatings by hand to reflect normal conservation practice. Historic coatings 

on metal objects were frequently brush or spray applied, and conservation application of 

modem coatings for either coating tests or object protection is also normally done using 

either brush or spray. Coatings which were brushed or sprayed on were applied to only 

one side of the coupons, while dipped coatings were necessarily applied to both sides. 

Within each experimental phase of this project all samples were prepared from coupons 

prepared from a single batch of steel, and replicate coating samples were prepared at the 

same time. Within each set of experiments therefore, there should be no substrate or coat

ing batch differences, though batch differences obviously exist between the samples used 

in the different experimental phases. 

For any given set of coating and application conditions there will be a range of per

formance over a number of different samples. To evaluate a particular coating system 

therefore, it is necessary to evaluate sufficient samples to obtain a statistically reliable 

indication of the behaviour of the population[ 43, 90, 13]. However, as the primary fo

cus of this study was to compare the electrochemical techniques themselves rather than 

to provide detailed evaluations of the coating systems, it was not considered necessary 

to test large numbers of samples of each coating. Accordingly the number of samples 

tested was limited to one sample per coating system for the 1997 experiments, and three 

samples per coating system for the 2000 experiments. Tihe results from each sample in 

the 2000 experiments were also analysed independently rather than being averaged with 

the results of the other two samples of the same coating, as averaging would have made it 

more difficult to compare details of the results produced by the different techniques. 
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5.1.1 Substrate preparation 

1996/1997 - Mild steel coupons were abraded by hand using successively finer abrasive 

carborundum paper (200, 400 and 600 grit), each abrasion being performed at right angles 

to the one before it. Each coupon was then washed in a distilled water ultrasonic bath, 

rinsed again in distilled water and then dewatered and degreased in methyl ethyl ketone 

before being air dried. 

2000 - Mild steel coupons were abraded on a buffing wheel using first a medium and 

then a fine grit wheel (these are roughly equivalent to the 400 and 600 grit papers used 

above) with aluminium oxide and silicon carbide abrasives. Each abrasion was performed 

at right angles to the one before it. Each coupon was then washed in Teric GN8 non

ionic detergent and deionised water, rinsed in deionised water and then dewatered and 

degreased by refluxing in petroleum spirits before being hung vertically to air dry. 

5.1.2 Coating application 

1997- Coatings used and application methods. 

Beeswax - beeswax coatings of: varying thickness. The wax was melted in a double 

boiler, brushed onto the sample surface and then the coupon was heated in an oven 

till the wax melted (at approximately 80°C) to produce a smooth surface. The 

sample was then allowed to cool. Thicker coatings were obtained by recoating 

the waxed surface with further brush applications of: melted wax. Three separate 

thicknesses of: beeswax were used: 

Thin wax - only the first, melted coat of: wax was applied; 

Medium wax - after the melted coat of: wax, a further brushed layer of: wax was 

applied; 

Thick wax- after the melted coat of:wax, two further brushed layers of:wax were 

applied, the brushstrokes for the second layer being at right angles to the first. 

Anticorit BW366 -a thixotropic waxy coating supplied by Fuchs Australia Pty Ltd and 

used in the protection of: bare metal surfaces in an indoor coastal location at the 

Museum of: Victoria Scienceworks campus. Samples were dipped in the coating, 

drained and allowed to air dry. 

Anticorit CL - a lacquer supplied by Fuchs Australia Pty Ltd and tested for use at 

an indoor coastal location at the Museum of: Victoria Scienceworks campus. The 

coating was brushed on and allowed to air dry. 
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Amercoat 149/3 3 5 - a water based epoxy primer ( containing zinc phosphate) and epoxy 

topcoat system supplied by Dulux Australia. The primer was made up by stirring 

both parts separately, mixing part A with part B by volume (1:1.7), thinning with 

water as necessary and brushing onto the sample. The topcoat was made up by stir

ring both parts separately, mixing part A with part B by volume (8: 1 ), adding water 

for thinning (without stirring), leaving to stand covered for 30 minutes, stirring and 

brushing onto the sample. 

2000-Coatings used and application methods. 

Bsq 195 - a microcrystalline wax used as a coating at the Australian War Memorial 

(AWM) to provide translucent protection against moisture and finger grease for ob

jects on display. A wax solution was made up and applied according to the proce

dure used in conservation treatments at the AWM. The wax was dissolved in 10% 

white spirits (w/v) by placing the ingredients in a bottle and heating and stirring 

until the wax dissolved. This formed a thick paste which was then cooled. The 

coupons were coated with the paste using a Nylon brush, then heated in an oven till 

the wax melted (at approximately 80°C) to produce a smooth surface. The coupons 

were then removed from the oven, the surface wiped with a lint free cloth to remove 

excess wax and the coupons allowed to cool. 

Dinol AV30- an inhibited wax coating used at the AWM to provide corrosion protec

tion for bare metal surfaces in indoor storage. Dinol AV30 was applied according 

to the procedure used in conservation treatments at the AWM. The coupons were 

sprayed with Dinol AV30 from the can (shaken for one minute to mix contents) at 

a distance ofi 10-15cm and then hung vertically to dry for several days. 

Paracryl (Killrust Metal Primer/Paracryl IFC topcoat) - a red oxide, alkyd resin based 

metal primer and solvent based epoxy topcoat, both distributed by Wattyl (Aus

tralia) Pty Ltd and used together at the AWM to provide corrosion protection for 

the cast iron barrel ofi the "Amiens" gun on outdoor display. Both primer and top

coat were applied according to the procedure used in conservation treatments at the 

AWM. The Killrust primer was thoroughly stirred, brushed onto the coupons and 

allowed to air dry for 3 days. The Paracryl topcoat was made up by mixing Part 

A with 20% flattener and stirring, then mixing Part A with Part B volume ( 4: 1 ), 

leaving for 15 minutes, stirring again and brushing over the dry primer coat. 

Durepon P14: a solvent based, epoxy polyamide primer (containing zinc phosphate) 

supplied by Dulux Australia. Durepon is not currently used at the Australian War 
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Table 5 .1: 1997 Coating thickness values 

Coating Value Average 
1 2 3 4 5 
(um) (um) (um) (µm) (um) (um) 

Anticorit CL 12.0 11.6 12.9 12.9 12.6 12.4 ± 0.8 
Thin wax 32.6 43.9 60.2 39.2 41.5 43.5 ± 16.7 
Anticorit BW366 77.7 79.7 71.8 76.8 77.5 76.7 ± 4.9 
Amercoat 149/335 342 204 338 264 360 301.6 ± 97.6 
Medium wax 160 145 148 191 172 163.2 ± 27.8 
Thick wax 342 291 254 402 247 307.2 ± 94.8 

Memorial but was included to provide an example 0£ a highly protective coating as 

a contrast to the other coatings tested. Unfortunately a sample 0£ the appropriate 

top coat for this system could not be obtained, so two coatings 0£ the primer were 

applied to the samples instead. This is a valid approach as the difference between 

primers and top coats is that the primers are formulated to provide better adhesion 

to the substrate (wetting out better and forming a smoother film to even out surface 

irregularities) while the topcoats are more resistant to chemicals and ultraviolet 

radiation. However it is recognised that there will often be a significant in-field 

delay before the application ofithe topcoat, during which time the primer layer will 

be exposed on its own [22]. Durepon P14 was made up for both coats by stirring 

part A, mixing part A with part B volume (4:1), stirring again and leaving for 10 

minutes before being brushed onto the coupons. 11 days drying time was allowed 

between coats. 

5.1.3 Coating thickness 

The coating thickness on each coupon was measured with the Elcometer 300 FMB coating 

thickness gauge (,PCWI Pty Ltd) at five points. The coating thickness values are given in 

Tables 5 .1 and 5 .2. 

5.2 Cell design and arrangement 

For this study a three electrode cell was chosen. This is suitable for EIS measurements[42] 

and allows simultaneous measurement 0£ current and voltage noise in ENM work (,see 

Section 3.3.1). It is also suitable for CPM, although as CPM only involves voltage mea-
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Table 5.2: 2000 Coating thickness values 

Coating :Value Average 
1 2 3 4 5 
(um) (um) (um) (um) (um) (um) 

Bsq 195 Sample d 2.7 4.0 1.6 3.1 0.6 2.4 ± 1.8 
Bsq 195 Sample e 3.8 0.4 0.4 1.8 0.6 1.4 ± 2.4 
Bsq 195 Sample f 4.5 3.3 3.1 12.4 5.2 5.7 ± 6.7 
Dinol AV30 Sampled 50.3 53.2 43.2 50.1 47.5 48.9 ± 5.7 
Dinol AV30 Sample e 52.7 49.4 43.3 51.7 48.2 49.1±5.8 
Dinol AV30 Sample f 46.2 55.3 46.9 46.9 50.8 49.2 ± 6.1 
Paracryl Sample d 56.2 60.0 74.2 62.4 55.3 61.6 ± 12.6 
Paracryl Sample e 83.0 82.2 73.2 62.4 90.5 78.3 ± 15.9 
Paracryl Sample f 96.0 97.6 92.9 78.7 89.1 89.8 ± 11.1 
Durepon P14 Sampled 160 165 160 106 181 154.4 ± 48.4 
Durepon P14 Sample e 128 194 161 124 148 151.0±43 
Durepon P14 Sample f 171 156 216 164 202 181.8 ± 34.2 

surement only two of the three electrodes (the working and reference electrodes) are used. 

The physical construction of the cell and electrodes are discussed in detail below, includ

ing the differences between the experimental arrangements for the 1997 and 2000 exper

iments. Pictures of the cell arrangements can be seen in Figs 5.1, 5.2, 5.3 and 5.4. 

5.2.1 Electrodes 

A combination of single working electrode and inert counter electrode was chosen instead 

of a nominally identical working electrode pair. EIS work is normally done using a three 

electrode cell with an inert counter electrode[ 57] as, if nominally identical working and 

counter electrodes are used, the results predominantly reflect the response of the elec

trode in better condition, making it difficult to analyse the data and obtain quantitative 

values for parameters[76]. Nominally identical working and counter electrodes are more 

commonly used in ENM work, due to concerns that an inert electrode will become the 

one generating the noise that is recorded (see Section 3.3.4). Mansfeld et al[76] however 

note that a similar difficulty occurs with EIS work using an inert counter electrode. In 

both techniques the electrode that dominates the measured data is the one undergoing the 

least corrosion activity. As nominally identical electrodes usually exhibit asymmetry in 

practice (see discussion in Section 3.3.4), Mansfeld et al suggest that it might be better 

for studies of coated metals to opt for an uncoated counter electrode - either a coupon 
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of the same metal as the working electrode or a platinum electrode[76]. By using an in

ert counter electrode the researcher can at least ensure that the source and characteristics 

of electrode asymmetry are well defined. Platinum also has the advantage that it acts as 

a catalyst for the cathodic reaction, ensuring that the anodic reaction is the slower (and 

therefore rate determining) reaction in the system. 

With regard to the current study, it was also felt that the consistency of preparation 

needed to produce nominally identical samples for working and counter electrodes would 

not be generally achievable in a conservation context, for the reasons listed below. 

• The preparation of specimens for evaluation of new coatings would mostly be done 

by hand on a small scale ( conditions likely to lead to significant variation in quality 

- see Section 5 .1 ). 

• It would be impossible to know whether areas of existing coatings on historic ob

~ects selected as working electrodes were in "identical" condition. Indeed it is un

likely in many cases that they would be, due to differences in preparation and life 

history between different areas of the object. 

The details of the electrodes used in this project are presented in the following sec

tions. 

5.2.2 Working electrode 

A working electrode area of approximately 10cm2 was chosen for the current study, an 

area between the extremes of large and small electrodes discussed in Section 3.3.4. As 

the coupon being used as a working electrode formed the base of the cell, the exact area 

of the cell was determined by the physical construction of the cell (see Section 5.2.5) 

and so differed slightly between the 1997 and 2000 experiments. The area used in 1997 

was l l.34cm2, while the area used in 2000 was 10.75cm2 . The electrical connection to 

the working electrode was made by placing an alligator clip over an uncoated area of the 

coupon (this was outside the area immersed in electrolyte). 

5.2.3 Counter electrode 

Platinum was chosen as the material for the counter electrode as it is an inert material 

with low impedance. It also has a catalytic effect, ensuring that reactions at the counter 

electrode are faster than those at the working electrode. This allows the reactions at the 

working electrode to drive the system, as they are the rate-determining step in the system. 
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As discussed above, platinum is commonly used as a counter electrode in EIS work, less 

commonly for ENM work. As CPM does not directly involve the counter electrode, its 

composition does not affect this technique. The construction of: the electrode was partly 

determined by the cell construction (see Section 5.2.5) and so differed slightly between 

the 1997 and 2000 experiments. 

The electrode used in 1997 consisted of:a small platinum sheet (13 x 10mm) welded 

to platinum wire, which was in turn connected to lead (Pb) wire inside a glass rod. The 

electrode used in 2000 was a cylindrical platinum mesh (length approximately 3cm) and 

rod connected at the top to a banana socket. Two separate platinum electrodes of: slightly 

different diameters (4.5cm and 3cm respectively) were used in 2000 to speed the process 

of: recording results. This was not expected to affect the results as the size of: the inert 

counter electrode was not thought to affect either EIS or ENM measurements other than 

needing to be large enough to ensure that it had a lower impedance than the working elec

trode ( otherwise the EIS measurements could include impedance from both electrodes 

instead of:just the working electrode[105]). How low the impedance of:the counter elec

trode needs to be is hard to determine exactly, as it depends in part upon the specific 

reactions occurring at the working electrode, and these may not be known. For this rea

son a large surface area platinum electrode is generally used, to maximise the chances of: 

the counter electrode having a lower impedance than the working electrode. 

5.2.4 Reference electrode 

In 1997 a saturated calomel electrode was used as a reference electrode. The electrode 

was manufactured according to a design published by Randle and Kelly[104], but with a 

longer salt bridge. 

In 2000 experimental work was originally started using a commercial SCE, but initial 

ENM results using this electrode and also using a Ag/ AgCl reference electrode were 

confusing. Poor coatings produced relatively high Rn values, good coatings produced 

relatively low Rn values, and where multiple records were taken on one day using the same 

sample, the voltage amplitude for that sample showed a repeating pattern of: starting low 

at the beginning of: a day and rising during the day. When a pseudo-reference electrode 

consisting of: a platinum wire ( sealed inside a glass tube) with an exposed gold tip sealed 

was used instead of: a true reference electrode these problems disappeared. The pseudo

reference was therefore adopted for the 2000 experiments. 

As discussed in Section 3.3.4, provided that the electrolyte composition remains con

stant, a pseudo-reference electrode will behave in a similar manner to a true reference 
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electrode. As the electrolyte remained the same in all experimental work done during this 

project, the change from a true reference electrode (an SCE) to a pseudo-reference elec

trode (gold-tipped platinum) should not have significantly affected the results. Indeed, the 

use of: a platinum wire coupled to the true reference electrode is recommended for EIS 

measurements, to improve the high frequency response of:the equipment[42]. 

5.2.5 Cell construction 

1997 - the cell consisted of: a Perspex tube adhered to the surface of: the sample to 

be studied with Epiglue 2 part marine epoxy adhesive (a similar construction was used 

by Mabbutt[72] and showed no preferential localized corrosion in the area of: the adhe

sive/coating interface). The sample formed both the base of: the cell and the working 

electrode. The counter and reference electrodes were bolted onto a stand with a movable 

fitting, allowing them to be lowered into the cell to take readings - see Fig 5.1. 

2000 - it was felt that the previous cell design did not ensure that the counter and 

reference electrodes were a consistent distance from the working electrode. A new cell 

design was therefore adopted in which the sample forming the working electrode was held 

in place under an O-ring between two Perspex plates (Fig 5.2). The counter and reference 

electrodes were secured at a constant distance from the working electrode by a two-part 

glass fitting, the base of: which was also held in place by the Perspex plates (Fig 5.3 and 

Fig 5.4). 

5.2.6 Electrolyte 

As was discussed in Chapter 2, an electrochemical cell requires a conductive electrolyte 

to complete the electrical circuit and allow the electrochemical reactions to proceed. An 

ideal electrolyte will be electrochemically inert, conductive, able to dissolve a range of: 

substances up to at least lM concentration, liquid in a convenient temperature range, 

cheap, non-toxic and non-flammable. Electrolytes consisting of: water containing dis

solved inorganic salts fit many of:these criteria and are the most commonly used forms of: 

electrolyte[ 62]. 

The more concentrated the electrolyte is, the more charge-carrying ions are available 

in solution and the more easily an electrochemical reaction can occur because it is not 

limited by the rate of: migration of: charge carrying species. If: the resistance of: the elec

trolyte to the movement of: charge (solution resistance) is low it is less likely to affect 

electrochemical measurements[78]. 
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Figure 5.1: The three-electrode cell used during the 1996 and 1997 series of experiments. 
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Figure 5.2: The base of the 2000 cell, containing the working electrode specimen. 

99 



Figure 5 .3: The upper section o:fi the 2000 cell, holding the reference and counter elec
trodes. 
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Figure 5.4: The cell connected to the boxed instrument during the 2000 series of experi
ments. 
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Ifi the electrolyte contains corrosion promoting species such as chlorides, studies ofi 

coating performance can be accomplished more quickly, as failure o:fi the coatings and 

establishment o:fi corrosion will occur more quickly. This is particularly relevant when 

very high impedance coatings are being studied, as failure o:fi these coatings can take 

months to occur in low conductivity solutions. 

The electrolyte chosen for the experimental work in this study was 0.6 M NaCl, a 

highly conductive (and therefore low resistance) solution used in the work o:fi Chen et al 

on coated metals[23]. While a chloride containing electrolyte is not ideal for conserva

tion work (most conservation treatments aim to eliminate chlorides from historic objects 

precisely because ofitheir corrosivity), it does have particular relevance to historic objects 

and building elements in marine environments, both immersed in sea water and in outdoor 

coastal locations. In addition, when working on disposable test samples rather than actual 

objects, there is no ethical reason not to use chlorides, especially ifi fast coating evalua

tion is required for projects such as museum exhibitions, which frequently have very tight 

timelines. 

All solutions were made up using either distilled or deionised water. 

5.3 Measuring procedure and equipment 

The general procedure for taking electrochemical measurements on the prepared samples 

was as follows: 

1. Pour electrolyte into cell. 

2. Conduct CPM until a reasonably stable value was reached. 

3. Conduct ENM. 

4. Conduct CPM until a reasonably stable value was reached. 

5. Conduct EIS. 

6. Store cell with electrolyte inside (and therefore the working electrode immersed). 

7. Repeat steps 2-5 at intervals required by study. 

This procedure follows Roberge[l 11] who completed EN measurements before start

ing EIS measurements to prevent the applied EIS perturbation affecting the EN record. 
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5.3.1 Corrosion Potential Measurement 

In 1997 corrosion potential measurements were taken using a JayTech QM1320 multime

ter with an input impedance of 1 OMO. 

In 2000 measurements were taken with either the Jaycar multimeter or a Fluke 73 

multimeter (input impedance also lOMO). At lOMO the input impedance of these mul

timeters was below the impedance of some of the specimens tested in this study (the 

highest impedance specimens in this study being measured at ZzJ = 1090 by the EIS 

technique, see Chapter 6). However, as was discussed in Chapter 3, the specific value of 

measured corrosion potential is of dubious value in assessing coated metal systems - it 

is the presence or absence of any finite value which is useful to simply determine whether 

electrolyte has penetrated the coating and reached the metal surface. For this purpose the 

low impedance multimeters are adequate. 

All corrosion potential measurements in this study were taken by connecting the mul

timeter inputs to the working and reference electrodes of the cell and allowing the mea

sured potential to settle to a reasonably stable value (mostly 5 minutes or less, in some 

cases longer), at which point that value was recorded. 

Interpretation and Analysis of Corrosion Potential Measurement results 

The recorded values of corrosion potential were plotted directly against time. The results 

are discussed in Chapter 6. 

5.3.2 Electrochemical Impedance Spectroscopy 

EIS data was recorded in all cases using an EG&G Princeton Applied Research system. 

This comprised a potentiostat (Model 273A) coupled to a lock in amplifier (Model 5210) 

and controlled by M398 electrochemical impedance software. The equipment and con

nections to the cell are shown in Figs 5.5 and 5.6. 

Impedance measurements in this project were nominally taken over the frequency 

range 1 00kHz-1 0mHz at 5 points per decade, taking the better part of an hour to com

plete. In practice however, where a clear low frequency plateau emerged well before the 

record was completed the run was in some cases terminated slightly early. However in all 

cases a reading was taken at 0.158Hz and in many cases readings were taken at lower fre

quencies. Syrett[126] notes that impedance measurements taken over a frequency range 

of 1 0kHz-1 00mHz are typically of interest for metallic systems, although various re

searchers have used frequencies above and below this. Hamyama et al[ 46] for instance 

103 



Figure 5.5: The EIS hardware. 

used a frequency range of 1 OkHz-1 mHz in their development of a general purpose AC 

impedance monitoring system, and Picaud et al[98] used a range of lOOkHz to "several" 

mHz in their study of coated steel in 3%NaCl. 

An applied perturbation voltage of 5m V was used (this was also used by Haruyama 

et al[ 46]). Connections between the three electrodes and the EIS equipment were made 

using coaxial cables (supplied with the EIS equipment), with banana plugs connecting the 

cables to the equipment and alligator clips connecting the cables to the electrodes. 

Interpretation and Analysis of EIS results 

EIS data has been analysed in this study using the Zit parameter described in Section 3 .2.1. 

To minimise problems of data scatter, Zit was calculated as an average of all points avail

able for a particular record at and below the reading taken at 0.15849Hz. 

Using the low frequency impedance modulus of an EIS record (Z11) to assess coating 

performance is a relatively new approach. To verify that Ztf calculated by this method was 

an accurate reflection of equivalent circuit component values, equivalent circuit analysis 

was performed on four EIS records from this study using the Boukamp software published 

by the University of Twente[ 16] and the ZSimp Win software distributed by Princeton Ap

plied Research (PAR). The Boukamp and ZSimpWin values respectively for each record 

were derived by adding together all positive resistive equivalent circuit component values 

produced by the analysis of that record. The results can be seen in Table 5.3. As the val

ues obtained using the different methods and software were within an order of magnitude 

of each other, the Zit method was deemed sufficient. 
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Figure 5.6: The cell connected to the EIS equipment. 
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In addition to the calculation OD ZzJ, equivalent circuit analysis was performed on a 

record from each sample after one week's exposure. This was done by using the PAR 

ZSimp Win software to simulate the data using different equivalent circuit models pro

vided by the software. The circuit or circuits producing the best visual approximation OD 

the real data for each record are reported in Chapter 6. 

It has been noted[ 41] that the use OD simulation software to develop equivalent circuit 

models for electrochemical processes can sometimes be misleading. While simulation 

OD the measured data can generally be improved by adding more circuit elements, these 

elements are merely mathematical constructs and may have no valid physical meaning 

and therefore no relevance to the actual cell processes. This problem was evident in the 

present study. The poorer the condition OD the coatings, the more circuit elements were 

required to provide a close visual match between the simulated and the real data, and the 

more difficult it became to understand which actual physical processes were reflected by 

the various equivalent circuit elements. 

While EIS results are usually normalised for area, the uncertainty surrounding the 

relationship between EN and electrode area (see Section 3.3.4) has meant that the ENM 

results from this study have not been normalised for area. The EIS results are therefore 

also presented without normalisation for area, to facilitate comparison with the ENM 

results. This should not adversely affect the conclusions, as within each experimental 

phase all tests were conducted on samples ofohe same size, and comparisons will only be 

drawn between tests in the same experimental phase. In any case the size difference OD 

the samples is fairly small (0.59cm2, as against a total electrode area oD 11.34cm2 in 1997 

and 10. 75cm2 in 2000) and should not have affected the results greatly. 

The Bode and Nyquist plots for these records were also visually examined, and the 

plot features compared with the equivalent circuit and Z11 information to develop an in

terpretation OD the state OD the sample at one week's exposure. These results are also 

discussed in Chapter 6 and the Bode plots are presented in Appendix A. 

5.3.3 Electrochemical Noise Measurement 

The ENM instrumentation used in this project has been described in Chapter 4. The 

instrument can be seen connected to the cell in 1996 in Fig 5.7 and in 2000 in Fig 5.8. 

Voltage and current noise were recorded simultaneously at a rate oD2 samples per second 

(2Hz) for 512 seconds, making a total oD 1024 points per record. This sampling regime 

was chosen as it enabled frequencies in the range oD2mHz - 1 Hz to be accurately resolved, 

a bandwidth similar to that used by a number oDother researchers in the field (see 3.3.4). 
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Table 5.3: Comparison ofi low frequency resistance values derived from ZzJ method and Boukamp and ZSimpWin equivalent circuit 
analysis. 

Coating Record Sample type ZzJ Z11 Boukamp ZSimpWin 
Mean Standard 

Deviation 
(Q) (Q) (Q) (Q) 

Bsq 195 sample d 3 'Ihin wax coating, corrosion evident 21 1.9% 20.9 20 
Dinol AV30 sample d 1 Inhibited wax coating, no corrosion 9.8 X 106 49.0% 1.16 X 107 l.17x107 

evident 
Paracryl sample e 2 Primer/topcoat, no visible corrosion 3.5 X 106 2.3% 3.8 X 106 3.84 X 106 

Durepon P14 sample e 1 2 layer epoxy primer, no corrosion 1.4 X 109 107.6% 7.8 X 109 l.15xl010 

evident 



Figure 5.7: The cell connected to the breadboard instrument during the 1996 series of 
experiments. 

This regime also covered the constant gain bandwidth of the ENM instrumentation (see 

4.2). 

Interpretation and Analysis of ENM results 

To correct the EN data for the characteristics of the ENM instrument used in this study, 

each voltage and current time record was calibrated using the calibration graph for the 

version and range of the ENM instrument relevant to that record. This was done by 

passing each time record through a Fast Fourier Transform (FFT) and calibrating it using 

a graph produced by linear interpolation between the relevant calibration data points. An 

inverse FFT was then used to return the data to a calibrated time series. 

The principle method of EN analysis used for coating evaluation was calculation of 

the Rn parameter as described in Section 3.3.2. 

To investigate the frequency dependence of Rn, calculation of RsnU) was also tried 

for some records. This was done by separately passing the calibrated voltage and cur

rent time series for each record through further FFTs to produce calibrated voltage and 

current PSDs, and then taking the ratio of these voltage and current PSDs. However in 

doing this it became apparent that the descriptions of the exact procedures used by other 

researchers to evaluate frequency dependence using Rsn (f) were ambiguous and unclear. 

In particular, for Rsn (f) to be independent of frequency, it is necessary for the slope of 
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Figure 5.8: The cell connected to the boxed instrument during the 2000 series of experi
ments. 

Rsn (f) to be equal to zero[79]. As this requires that the voltage and current PSDs match 

exactly (being either identical or complementary) this condition can rarely be satisfied, 

yet a further paper from this research group[l36] cites all their Rsn (f) plots as being in

dependent of frequency, so clearly they must regard some slope values close to zero as 

"close enough" to assume frequency independence. However the region where slope val

ues are regarded as "close enough" to zero is not defined. This creates a difficulty with 

the current study, as all the Rsn (f) spectra which were calculated exhibited slopes which, 

while fairly shallow, were certainly not equal to zero. Whether these could be considered 

frequency independent was thereore uncertain. 

The calculation of R~n was also attempted, but again the descriptions of methods used 

by other researchers to calculate this parameter were unclear. If the entire Rsn (J) spectrum 

is used to calculate the extrapolation, the higher frequencies have an unwarranted influ

ence on what is essentially a low frequency parameter. Cottis(26] suggests that where 

Rsn(f) attains a valid low frequency limit, this is the value to use (though he does not 

define what he considers a valid limit). If the power spectrum does not achieve a low fre

quency limit he suggests using the value of the spectrum at 10-3Hz as a suitable arbitrary 

value, and where an FFT has been used to generate the spectrum he suggests averaging 

several low frequency points to obtain a value. The only other definition of a method of 

establishing R~n found during the research for this study was provided by Mansfeld et 

al[77], and states "R~n was obtained as the de limit of spectral noise plots ( or the average 

of the last ten lowest frequency points when no de limit was observed)". 

In the case of the current study, the records for which R~n was calculated showed less 

than one order of magnitude difference between Rn and Rsn (f) values no matter whether 
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Table 5.4: Comparison between Rn and R~n values derived from different parts of the 
spectrum 

Coating Record Rn R~n R~n 
1026 points 10 lowest 

frequency points 
(Q) (Q) (Q) 

Bsq 195 sampled 1 65 199 48 
Bsq 195 sampled 2 49 281 11 
Bsq 195 sampled 3 69380 75279 60657 
Dinol sampled 1 184400 144401 49297 
Dinol sample d 2 111 172 88 
Dinol sampled 3 168 223 193 
Durepon P14 sample e 1 39870 38045 43351 

the whole spectrum or only the lowest ten points were used to derive the R~n value (see 

Table 5.4). Xiao et al[136] in fact also noted that they obtained very similar values for 

Rn and R~n, despite the different methods used to obtain these parameters (though they do 

not state how close the values were). For comparison with z11 values derived from EIS 

this made very little difference, so given the uncertainty of the methods and criteria used 

to calculate R~n and the lack of useful additional information produced, it was decided not 

to pursue the calculation of this parameter any further for records in this study. 

As well as the analytical methods discussed above, the method of fractal analysis out

lined by Moon and Skerry [87] was tried at an early stage of this study, but failed to 

produce consistent results. 1'.his may have been due to poor data quality, as the records 

analysed by the fractal method were taken with a very early version of the ENM instru

ment used in this study. However Cottis [26] also notes that, while chaos methods of 

analysing EN are theoretically interesting, it is not yet clear whether they are generally 

applicable. Given these reservations, the difficulties encountered earlier in the study and 

the fact that chaos theory and analysis is complex and outside the experience of most 

conservators, it was decided not to proceed any further with this method. 
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Chapter 6 

Experimental Results 

In this chapter the results o£the experimental work conducted in 1997 and 2000 are com

pared and discussed. The complete data can be found in Appendix A, which provides 

comparative plots against time 0£ EIS data (using the Zit parameter), ENM data (using 

the Rn parameter) and CPM data (E), and Bode impedance and phase plots for all EIS 

records taken for each sample. To aid the reader in following the discussion, Table 6.1 

gives a selection 0£ the values recorded for each sample with all three techniques. The 

values included in this table reflect the beginning, middle and end 0£ the experimental 

periods, and therefore illustrate the range o£values obtained. The values shown are those 

taken at 0 days, 7 days (for some 1997 results) or 8 days (for other 1997 and 2000 results) 

and - where available - 15 days ( the 1997 experiments had a total immersion period 0£ 

only 7 days). 

The major differences between the results produced by the different techniques seemed 

to be related to the protectiveness 0£ the coating under study. When successive readings 

were plotted against time, the results fell into three basic groups, the main features 0£ 

which are described below. To aid the reader the values given in Table 6.1 are shown 

again in Table 6.2 re-ordered into the three groups. 

6.1 Group 1 coatings 

EIS data for this group 0£ samples after one week's exposure suggested that the coatings 

were in good but not perfect condition, with Zit readings ( calculated as described in 

Section 5.3.2) in the order 0£ 108-1090.. The samples which followed this pattern were 

Amercoat 149/335, Medium wax, Thick wax, and Durepon P14 samples e and f\ 

Equivalent circuit analysis 0£ EIS records 0£ the same data showed that either the 
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Table 6.1: A selection of the experimental values produced in this study. 

Coating 0 days 7-8 days 15 days 
EIS - Z11 ENM-Rn CPM-E EIS -Z11 ENM-Rn CPM-E EIS - Z11 ENM-Rn CPM-E 
(Q) (Q) (mV) (Q) (Q) (mV) (Q) (Q) (mV) 

1997 results (measured vs SCE reference electrode 
Anticorit CL 4.3 X 103 2.5 X 101 -414 6.0 X 10° -569 
Thin wax 1.1 X 105 2.0 X 104 0 1.4 X 105 1.9 X 104 -422 
Anticorit BW366 5.96 X 108 4.2 X 104 288 1.3 X 107 2.6 X 105 127 
Amercoat 149/335 6.4 X 108 5.8 X 104 0 1.11 X 109 5.6 X 104 0 
Medium wax 1.56 X 109 4.7 X 104 0 5.1 X 104 0 
Thick wax 1.02 X 109 8.8 X 104 0 3.32 X 109 7.0 X 104 0 

- 2000 results (measured vs Pt/ Au reference electrode) ...... 
N Bsq 195 Sampled 1.1 X 102 6.5 X 101 -536 2.1 X 101 7.0 X 104 -590 1.9 X 101 7.2 X 104 -556 

Bsq 195 Sample e 6.0 X 101 5.6 X 103 -385 1.4 X 102 8.5 X 102 -456 8.4 X 101 5.8 X 104 -465 
Bsq 195 Sample f 6.3 X 102 1.1 X 101 -566 1.7 X 102 3.7 X 104 -466 1.4 X 102 8.6 X 104 -464 
Dinol AV30 Sampled 9.8 X 106 1.8 X 105 0.4 1.6 X 106 1.7 X 102 -125 5.4 X 105 5.2 X 102 -265 
Dinol AV30 Sample e 3.9 X 108 1.3 X 105 0.5 5.574 X 106 4.2 X 104 0.6 4.7 X 106 3.9 X 104 3.8 
Dinol AV30 Sample f 1.7 X 108 2.6 X 105 0.2 4.27 X 106 4.8 X 104 1.6 3.47 X 106 4.7 X 104 1.6 
Paracryl Sample d 2.49 X 107 1.9 X 105 0.7 3.66 X 106 1.3 X 105 0.5 2.18 X 106 1.1 X 103 -237 
Paracryl Sample e 3.49 X 107 8.7 X 104 0.5 3.71 X 106 1.3 X 105 -14 6.13 X 106 8.7 X 104 -21 
Paracryl Sample f 2.27 X 108 10.0 X 104 -0.1 1.34 X 107 1.5 X 105 -69 1.94 X 107 1.5 X 105 -49 
Durepon P 14 Sample d 1.5 X 104 4.5 X 104 0 1.3 X 107 4.6 X 104 -546 8.46 X 107 4.5 X 104 -182 
Durepon P 14 Sample e 1.36 X 109 4.0 X 104 0 2.73 X 108 7.3 X 104 -3.6 2.4 X 108 8.2 X 104 -3.4 
Durepon P 14 Sample f 1.64 X 109 5.1 X 104 0 2.3 X 108 6.7 X 104 -3.5 2.28 X 108 1.0 X 105 -3.8 



Table 6.2: A selection of the experimental values produced in this study ordered into three groups. 

Coating 0 days 7-8 days 15 days 
EIS - Z11 ENM-Rn CPM-E EIS - Z11 ENM-Rn CPM-E EIS - Z11 ENM-Rn CPM-E 
(Q) (Q) (mV) (Q) (Q) (mV) (Q) (Q) (mV) 

Group 1 
Amercoat 149/335 * 6.4 X 108 5.8 X 104 0 1.11 X 109 5.6 X 104 0 
Medium wax* 1.56 X 109 4.7 X 104 0 5.1 X 104 0 
Thick wax* 1.02 X 109 8.8 X 104 0 3.32 X 109 7.0 X 104 0 
Durepon P14 Sample et 1.36 X 109 4.0 X 104 0 2.73 X 108 7.3 X 104 -3.6 2.4 X 108 8.2 X 104 -3.4 
Durepon P 14 Sample ft 1.64 X 109 5.1 X 104 0 2.3 X 108 6.7 X 104 -3.5 2.28 X 108 1.0 X 105 -3.8 

Group 2 
Anticorit BW366 * 5.96 X 108 4.2 X 104 288 1.3 X 107 2.6 X 105 127 
Thin wax* 1.1 X 105 2.0 X 104 0 1.4 X 105 1.9 X 104 -422 ...... 
Dino! AV30 Sample et 3.9 X 108 1.3 X 105 5.574 X 106 4.2 X 104 4.7 X 106 3.9 X 104 ...... 0.5 0.6 3.8 

u.) 

Dino! AV30 Sample ft 1.7 X 108 2.6 X 105 0.2 4.27 X 106 4.8 X 104 1.6 3.47 X 106 4.7 X 104 1.6 
Dino! AV30 Sampled t 9.8 X 106 1.8 X 105 0.4 1.6 X 106 1.7 X 102 -125 5.4 X 105 5.2 X 102 -265 
Paracryl Sample e t 3.49 X 107 8.7 X 104 0.5 3.71 X 106 1.3 X 105 -14 6.13 X 106 8.7 X 104 -21 
Paracryl Sample ft 2.27 X 108 10.0 X 104 -0.1 1.34 X 107 1.5 X 105 -69 1.94 X 107 1.5 X 105 -49 
Paracryl Sample d t 2.49 X 107 1.9 X 105 0.7 3.66 X 106 1.3 X 105 0.5 2.18x 106 1.1 X 103 -237 
Durepon P14 Sampled t 1.5 X 104 4.5 X 104 0 1.3 X 107 4.6 X 104 -546 8.46 X 107 4.5 X 104 -182 

Group 3 
Anticorit CL * 4.3 X 103 2.5 X 101 -414 6.0 X 10° -569 
Bsq 195 Sampled t 1.1 X 102 6.5 X 101 -536 2.1 X 101 7.0 X 104 -590 1.9 X 101 7.2 X 104 -556 
Bsq 195 Sample et 6.0 X 101 5.6 X 103 -385 1.4 X 102 8.5 X 102 -456 8.4 X 101 5.8 X 104 -465 
Bsq 195 Sample ft 6.3 X 102 1.1 X 101 -566 1.7 X 102 3.7 X 104 -466 1.4 X 102 8.6 X 104 -464 

* measured vs SCE reference electrode 
t measured vs Pt/ Au reference electrode 



(a) R(QR) 

_/\/WI/\ 

{b) R(Q{R(QR))) 

~------i Q t-----~ 

(c) R{Q{R(Q(RW)))) 

Figure 6.1: Group 1 and 2 Equivalent circuits 

circuit in Fig 6.l(a) or Fig 6.l(b) could be used to provide a visually reasonable simulation 

ofi the measured data for the Thick wax sample. 1 For the other samples the circuits in 

either Fig. 6.1 (b) or 6.1 ( c) could be used. Interestingly, all the equivalent circuit models 

that most closely simulated the data for these samples contained two RC time constants, 

even though only one time constant was clearly visible in the Bode impedance and phase 

angle plots. 

The lack ofi clear low frequency resistive plateaux in the Bode impedance plots for the 

Amercoat 149/335, Medium wax and Thick wax samples in particular, suggested a highly 

capacitive coating response. However, ECA ofi these records consistently produced three 

resistance values (see Table 6.3), which accorded well with the equivalent circuit model 

shown in Chapter 2 (see Fig. 2.3). The parameter values suggested by the ZSimpWin 

software for these records indicated very low (though surprisingly variable) values for 

Rn, values for Rpore ranging from 103-108 ohms and values for Rp ranging from 108-1010 

ohms. The presence ofi significant coating resistance (Rpore) suggested that the coatings 

had undergone some water uptake, allowing the initiation ofi at least some conductive 

1Circuit diagrams follow those provided in the PAR ZSimpWin software. C is a capacitive element, Q 
represents the Constant Phase Element, W represents the Warburg impedance, R is a resistive element and 
the coil (seen in Fig. 6.3) is the standard electrical symbol for an inductor (represented in the circuit code 
by the letter L)[96]. 

114 



Table 6.3: Resistance values for Group 1 coatings produced by the ZSimpWin software. 

Record Circuit model Rl R2 R3 
(Q) (Q) (Q) 

Thick wax R(QR) 1.7 X 10-z 8.lx1010 

Thick wax R(Q(R(Q(RW)))) 1.2 X 10-2 1.8 X 103 8.1 X 1010 

Amercoat 149/335 R(Q(R(Q(RW)))) 9.1 X 102 3.4 X 108 1.2 X 109 

Amercoat 149/335 R(Q(R(QR))) 1.0 X 103 4.0 X 107 2.6 X 109 

Durepon P 14 Sample e R(Q(R(QR))) 1.2 X 10-3 2.lxl05 5.8 X 108 

Durepon P14 Sample f R(Q(R(Q(RW)))) 1.3 X 10-6 3.7 X 105 6.6 X 108 

Durepon P 14 Sample f R(Q(R(QR))) 1.7 X 101 1.7 X 105 3.9 X 108 

pathways through the coatings. However the highRp values showed that the coatings still 

remained generally protective to the substrates[133]. 

Graphs of E, Zzf and Rn values against time for these samples showed that no finite 

E values were established at all for the Amercoat 149/335, Medium wax and Thick wax 

samples. For the Durepon P14 e and f samples however, finite E values were established 

after one day, and coincided with a sharp drop in Zzf values. Rn values, though following 

the Z11 values in remaining fairly constant throughout the exposure period, were approx

imately 4-5 orders of magnitude smaller. 

6.2 Group 2 coatings 

The second group of samples exhibited clear low frequency plateaux in the EIS Bode 

impedance plots, and Zzf values in the order of 105-107Q at one week's exposure. The 

samples which followed this pattern were Thin wax, Anticorit BW366, Dinol AV30 (sam

ples d, e and£), Paracryl (samples d, e and f) and Durepon P14 sampled. 

Equivalent circuit analysis of EIS records of the same data showed that a range of 

circuits were required to provide close visual simulations of the measured data. A rea

sonable visual simulation of the data could be obtained for several samples in this group 

using either the circuit in Fig 6.l(b) or that in Fig 6.l(c). (The visual match between the 

simulated and measured data for Anticorit BW366 measured data was not as close as for 

the other records, but no other circuit could be identified which produced a better match.) 

The exceptions were Paracryl (sample e) which could only be simulated using the circuit 

in Fig 6.l(b), Dinol AV30 (sampled) which could only be simulated using the circuit in 

Fig 6.l(c), and Paracryl (sampled) which required the circuit in either Fig 6.2(a) or that 
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~-------tQ >----------~ 

~-------<Q>------~ 

(a) R(Q(R(Q(R(CR))))) (b) R(Q(R(Q(R(Q(R(CR))))) 

Figure 6.2: Group 2 and 3 Equivalent circuits 

in Fig 6.2(b). The equivalent circuit in Fig 6.l(a) did not produce a close visual match to 

any ofi these records. 

The circuits providing the best visual simulations ofithe data again predominantly pro

duced three resistance values, which suggests that they also correlate with the resistances 

shown in the equivalent circuit model in Fig. 2.3. The resistance values for this group ofi 

records can be seen in Table 6.4. Again the values indicate very low, though quite vari

able values for Rn, values for Rpore generally ranging from 102 - 106 and values for Rp 

generally ranging from 102-107. Where the data could be simulated equally well using 

more than one equivalent circuit, it is interesting to note that the values are in many cases 

extremely similar, more often than not in the same order ofi magnitude and in several cases 

having exactly the same value (this is also the case for Group 1 records). The Rpore and 

Rp values were lower than those for the Group 1 coatings, suggesting that water uptake 

and formation ofi conductive paths through the coatings had occurred to a greater degree 

than in the Group 1 samples, with a consequent reduction ofithe impedance values[l33]. 
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Table 6.4: Resistance values for Group 2 coatings produced by the ZSimpWin software. 

Record Circuit model Rl R2 R3 R4 RS 
(Q) (Q) (Q) (Q) (fl) 

Anticorit BWB366 R(Q(R(QR))) 1.8 X 102 4.6 X 106 i.7 X i07 

Anticorit BWB366 R(Q(R(Q(RW)))) 2.2 X 102 3.9 X 106 1.0 X i02 

Thin wax R(Q(R(QR))) 1.3 X 102 6.2 X 103 1.4 X 105 

Thin wax R(Q(R(Q(RW)))) 3.0 X 10-2 2.7 X 102 1.4 X 105 

Durepon P14 Sampled R(Q(R(QR))) 10.0 X 10-8 1.5 X 105 1.5 X 107 

Durepon P14 Sampled R(Q(R(Q(RW)))) 10.0 X 101 1.6 X 105 1.5 X 107 
...... 

Dinol AV30 Sampled R(Q(R(Q(RW)))) 1.0 X 10-7 4.5 X 105 l.0x i0-2 ...... 
-..J 

Dinol AV30 Sample e R(Q(R(QR))) 10.0 X 10-8 1.0 X 106 4.8 X 106 

Dinol AV30 Sample e R(Q(R(Q(RW)))) 1.0 X 10-7 1.0 X 106 4.8 X 106 

Dinol AV30 Sample f R(Q(R(QR))) 7.3 X 10-4 7.9 X 105 3.7 X 106 

Dinol AV30 Sample f R(Q(R(Q(RW)))) 3.0 X 10-7 5.0 X 105 1.9 X 104 

Paracryl Sample e R(Q(R(QR))) 4.3 X 101 1.9 X 104 4.8 X 106 

Paracryl Sample f R(Q(R(QR))) 6.2 X 101 3.2 X 104 1.6 X 107 

Paracryl Sample f R(Q(R(Q(RW)))) 8.7 X 101 3.3 X 104 1.5 X 107 

Paracryl Sample d R(Q(R(Q(R(CR))))) 3.9 X 101 1.7 X 104 2.7 X 106 l.2xl06 

Paracryl Sample d R(Q(R(Q(R(Q(R(CR))))))) 6.6 X 101 2.8 X 104 3.8 X 10-l 4.1 X 106 1.0 X 105 



(a) LR(C(R(Q(R(C(RW)))))) (b) LR(C(R(Q(R(LR)(CR))))) 

Figure 6.3: Group 3 equivalent circuits 

Graphs of E, Zzt and Rn values against time for these samples showed that finite E 

values were observed for all these samples from the start of the measurement period, 

suggesting that penetration of the coatings by the electrolyte occurred immediately after 

immersion. The E values for Anticorit BW366 were surprisingly high, starting at 288m V 

and remaining at 127mV after one week's exposure. Rn values, though again following 

the Zzt values in remaining fairly constant, were 1-4 orders of magnitude smaller than the 

Zzt measurements. 

6.3 Group 3 coatings 

EIS results for the final group of samples showed predominantly horizontal Bode imped

ance plots and Zzt values in the order of 101-102.Q at one week's exposure. The samples 

which followed this pattern were Anticorit CL and Bsq 195 samples d,e and f. 

Equivalent circuit analysis of EIS records of the same data was more difficult than 

for the other groups of samples. While the Anticorit CL data could be simulated by the 

circuit in Fig 6.2(a) (see Figs 6.4 and 6.5), it was difficult to find equivalent circuits in the 

ZS imp Win software which closely reproduced the Bsq 195 data. Walter[ 133] in fact notes 

that it is not always possible to find an appropriate model to fit the data at all times. The 

circuits which produced the best visual matches also contained a very large number of 

circuit elements. However, data for Bsq 195 sample d could be reasonably well simulated 

using the circuit in Fig 6.3(a), while data for Bsq 195 samples e and f could be roughly 

simulated using the circuit in Fig 6.3(b) (see Figs 6.6 and 6.7). 

The resistance values for this group of records can be seen in Table 6.5. The values 

for all resistances were low (ranging from 10-4-102) with the exception of one resistance 

for Bsq 195 (sample f) which had a value of 1010. However the equivalent circuits which 
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provided the best simulation 0£ the data for this group 0£ samples contained up to five 

time constants, which made it difficult to correlate them specifically with the resistances 

shown in the equivalent circuit model in Fig. 2.3. Letardi[69] notes that interpretation 0£ 

equivalent circuits o£such complexity is difficult (see discussion in Section 5.3.2). How

ever the generally low resistance values suggest that the coatings had undergone extensive 

deterioration and allowed the development 0£ significant corrosion at the metal surface. 

An interesting feature 0£ the circuits which most closely simulated the Bsq 195 data is 

that they contain inductive elements. This will be discussed further in Section 6.4.3. 

Graphs 0£ E, Zzt and Rn values against time for these samples showed that finite E 

values were observed for all these samples from the start 0£ the measurement period and 

Ztf values were low, again suggesting penetration 0£ the coatings by the electrolyte im

mediately after immersion. The Rn plots for all the Bsq 195 samples were quite unusual, 

with the Rn values exceeding the z11 values (the only records in which this occurred) by 

0.5-3 orders of magnitude. 

6.4 Discrepancy or diversity? 

A number 0£ differences occurred between the Zzt, Rn and E results, which highlighted 

advantages and disadvantages 0£ the techniques and reinforced the need to use more than 

one investigative and analytical technique to create a rounded picture 0£ an electrochem

ical system. The issues raised by these differences are listed below, followed by a discus

sion o£the possible reasons for their occurrence. 

• Zzt values were orders 0£ magnitude higher than Rn values for all except the Bsq 

195 samples. This effect was more pronounced for higher impedance samples. 

• With decreasing sample impedance two further effects became evident: simulation 

0£ EIS data required increasingly complex equivalent circuits, and differences in 

plot shapes between Zzt and Rn measurements plotted against time became more 

pronounced. 

• Rn values for the Bsqd 195 d, e and £ samples were generally, and unexpectedly, 

orders o£magnitude higher than Zzt values. 

• z11 and Rn values for Durepon P14 sample d from all three techniques showed 

a sharp rise over the two weeks following immersion, despite equivalent circuit 

analysis 0£ EIS results indicating significant coating deterioration (see discussion 

in Section 6.4.4). 
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Table 6.5: Resistance values for Group 3 coatings produced by the ZSimpWin software. 

Record Circuit model Rl R2 R3 R4 R5 
(Q) (Q) (Q) (Q) (Q) ..... 

Anticorit CL (at t=4) R(Q(R(Q(R(CR))))) 2.9 X 101 4.9 X 102 5.7 X 102 5.8 X 102 N 
0 

Bsq 195 Sample d LR(C(R(Q(R(C(RW)))))) 5.5 X l0O 9.8 X 10-l 7.3 X l0O 7.2 X l0O 
Bsq 195 Sample e LR(C(R(Q(R(LR)(CR))))) 4.3 X 10-2 3.2 X 101 2.1 X 10-l 2.3 X 102 5.3 X 102 

Bsq 195 Sample fi LR(C(R(Q(R(LR)(CR))))) 2.4 X 101 2.6 X 101 2.8 X 10-4 5.4 X 102 1.2 X 1010 
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Figure 6.4: Measured and simulated Bode impedance and phase plots for Anticorit CL, 
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Figure 6.5: Measured and simulated Nyquist plots for Anticorit CL, record 4 
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Figure 6.6: Measured and simulated Bode impedance and phase plots for Bsq 195, sample 
f1 record 4 

Figure 6.7: Measured and simulated Nyquist plots for Bsq 195, sample f1 record 4 
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6.4.1 ZzJ vs Rn values 

In both the 1997 and 2000 results the EIS Zzt values were higher than the Rn values, 

the effect increasing with increasing sample impedance (with the exception 0£ the Bsq 

195 results). Similar results have been previously noted by other researchers. Edgemon 

et al[34] for example found Rn results to be consistently about 3.6 times lower than Rp 

results obtained with the linear polarization method (Rp being closely related to Zzt, see 

Section 3.3.2) and Bertocci[8] found differences ranging from Rn = 104Ocm2, Zzt = 
105Ocm2 to Rn= 105Ocm2, Zzt = 107Ocm2 . 

In some cases the difference between Zzt and Rn values may be due to instrumentation 

problems. Mansfeld et al[79] found in an initial set 0£ experiments that the instrumenta

tion noise on their ENM current amplifier was too high to get valid ENM data for coat

ings in good condition, as the current noise levels were below that o£the instrumentation. 

However for degraded coatings where the EIS spectra showed a low frequency plateau 

(approaching the DC limit), the current noise level was above instrumentation and the 

two techniques produced similar results. When they upgraded their current amplifier they 

found better agreement between the two methods. 

Bertocci also felt that the differences between ENM and EIS were in some cases 

caused by insufficient sensitivity in the instrumentation. Some 0£ his high impedance 

samples showed so little corrosion that EN, especially voltage noise, was barely above 

instrumentation levels and he felt the data was "devoid 0£ meaningful content"[8]. Legat 

et al[66] note that current noise for passive systems is sometimes below measurement 

limits, and Tan et al[127] also comment that many studies have EN signals which are not 

significantly above measurement limits. 

Another reason for Rn values being lower than Zzt values however may be that the 

sampling period is too short. As mentioned in Section 3.3.4, Al Ansari et al[2] found 

experimentally that an fmin 0£ 10-3Hz was insufficient to provide a true estimate 0£ the 

low frequency limit 0£ the system, while Aballe et al[ 1] note that differences between 

EIS and Rn measurements depend on "the interplay between /min, the slope o£the current 

PSD 'Pi, and the frequency at which the electrode impedance modulus reaches the low

frequency asymptote Rp''. This interplay is shown by the graph in Pig 6.8 where Rn/ Rp is 

plotted against fc/ fmin· /min is the lowest frequency sampled while the critical frequency 

fc can be calculated using equation 3.4. Aballe et al[l] note that for Rn = Rp in most 

cases, it is necessary for the condition fc/ /min > 10 to be satisfied. However the graph 

shows that when the slope 0£ the current PSD is shallow, even this ratio is not enough to 

guarantee that Rn =Rp, andfc/ /min> 1000 maybe required to ensure Rn =Rp, The lower 
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the value otRp however, the smaller the difference between Rn and Rp will generally be, 

as fe will be higher, thus giving a higher lei fmin ratio for a given fmin• 

To provide an estimation ot whether the sampling period may have been a problem 

with the current study, fe was calculated for a sample record from each ot sample Groups 

1 and 3 using parameter values suggested by the equivalent circuit analysis otthe EIS data. 

In the case otthe Group 1 sample (Durepon P14 sample f\ record 1), fe for these values 

was approximately 41 mHz, meaning that fmin should be at least 4mHz (250 seconds). 

The measurement period for this study was 512 seconds, which is about double this and 

therefore satist.es Jc/ fmin > l 0. However a visual examination otthe current PSD for this 

record suggested a fairly shallow slope, in which case a much higher ratio ot lei fmin may 

have been necessary to achieve equivalent Rn and Rp (and therefore also Z11) values for 

such high impedance coatings. In the case ot the Group 3 sample (Anticorit CL, record 

3), fe for these values was approximately 80 mHz, meaning that fmin should be at least 

8mHz (120 seconds). Again the 512 second measurement period satisfies lei fmin > IO, 

but again a visual examination otthe current PSD for the record suggested a fairly shallow 

slope. Therefore, even though this record was from a low impedance sample, it is still 

possible that a higher ratio ot lei fmin may have been necessary to achieve equivalent Rn 

and Rp values. However the relationship shown in Fig 6.8 is based on values for nominally 

identical electrodes, and Aballe et al note that while similar considerations probably apply 

to asymmetrical systems it is difficult to provide a general rule for these systems as Rn 

depends on too many parameters[ 1]. 

In summary, while instrument sensitivity may have been a problem with some mea

surements in the current study, it was certainly not the whole problem, as while the dis

crepancy between Z11 and Rn was less for more degraded coatings, it was still evident 

even when both current and voltage were above instrumentation levels. A more likely 

explanation is the measurement period used was not long enough to allow Rn to become 

sufficiently independent ot frequency to accurately reflect the Rp ot the system. This 

not only explains the fact that Rn values were lower than Z11 measurements in almost all 

cases (the exceptions being the above mentioned Bsq 195 results), but also explains the 

tendency for the difference between the Rn and Z11 results to increase with increasing 

sample impedance. 

6.4.2 Effects associated with decreasing sample impedance 

The experimental results show that in this study there appear to be two aspects otthe data 

that are associated with decreasing sample impedance values. The first ot these aspects 
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Figure 6.8: Ratio Rn/ Rp as a function of fr: of a Rp/C impedance. 
The slope of log'Fi is taken constant between fmin and fmax 
Umax/ /min= 1024). Source: Aballe et al [1] 

is the increasingly complex equivalent circuits which are required to provide good simu

lations of low impedance EIS data. The second aspect is that samples with Ztf readings 

below 108.Q at one week's exposure show more difference between the detailed shapes 

of Ztf and Rn plotted against time than do samples with Ztf readings above 108.Q at one 

week's exposure. Samples with Ztf readings below 108.Q at one week's exposure also 

show a low frequency impedance plateau which the higher impedance samples do not 

have. 

The association with decreased impedance and a change from a predominantly ca

pacitive low frequency response to one that includes signifoant resistivity, suggests that 

both these effects are related to the development of electrochemical processes at the metal 

surface. This leads to a tentative suggestion that the 'jumpiness" of Rn plots against time 

at lower impedances actually reflects changes in the processes occurring at the surface 

of the metal substrate. Changes at the substrate surface are also known to be reflected 

by Ztf readings[ 43], but the different aspects of the electrochemical system measured by 

the two techniques may reflect such changes in different ways, leading to apparent differ

ences in the results and perhaps a less jumpy graph of Ztf against time. Alternatively it 

could reflect non-stationarity in the system, as the EIS and EN measurements were taken 

successively and require different periods to complete a single record. Fast changes in 

the system might therefore mean that different processes were occurring during the mea

surement period of each technique, even when these measurement periods followed one 
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after another. In either case, with EIS data, the explicit separation of different processes 

by their different time constants ensures that by focussing on one EIS parameter the re

searcher can track the change in one particular process over time. Rn values, however, 

are the result of the sum of all reactions in the system, with frequency dependence being 

implicit in the data. This means that values for distinct processes cannot be separated. It 

is possible therefore that in comparing successive measurements from these techniques, 

the researcher is actually comparing the sum of contributions from entirely different pro

cesses and parameters. 

6.4.3 ZzJ vs Rn values for the Bsq 195 coating samples 

The Rn values for the Bsq 195 samples were unexpectedly high in almost all cases, being 

up to three orders of magnitude higher than the ZlJ values. The only exceptions to this 

were the first and second readings for sample d and the first reading for sample f. 

The method of calculating Rn means that a high Rn value results from a high ratio 

of voltage to current noise, and this is exactly what the Bsq 195 records show. Bsq 195 

sample d showed quite normal Rn values for the first twenty four hours of immersion, 

before a large jump in the level of voltage noise caused a similar jump in Rn values. The 

appearance of visible corrosion around this time would suggest that increased corrosion 

levels were the cause of the increase in the voltage noise. However high corrosion levels 

are usually associated with high current noise and a comparatively low voltage noise, thus 

giving a low Rn value. 

One possibility is that the use of an inert CE reduced the amount of current noise 

recorded by the ZRA, without affecting the measured voltage noise. Aballe et al[ 1] note 

that if the impedance of one electrode is substantially higher than the other, almost all 

the current generated by corrosion events on the low impedance electrode is forced to 

return on that electrode. Most of the current noise generated therefore, is not measured 

by the ZRA. If the corroding Bsq 195 samples had significantly lower impedances than 

the platinum CE therefore, the recorded current noise could have remained artificially low 

compared to the voltage noise. This should have applied equally to all experiments with 

low impedance coatings in the study, as all were done with a platinum CE. However as the 

Bsq 195 samples recorded lower impedance values than any other coatings in the study, 

it is possible that no other coating had a low enough impedance to be affected. 

Another possibility was suggested by analysis of the corresponding EIS data, which 

indicated that the Bsq 195 samples were exhibiting inductance. The Nyquist plots for 

these samples show inductive loops, while the Bode impedance plots generally show a 
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decreasing impedance at low frequencies, leading to lower Ztf values which is consistent 

with inductive behaviour. As the frequency approaches zero the EIS current response 

approaches DC behaviour (Rp); inductors show no resistance to DC current and there

fore the measured impedance drops. The fact that frequency is explicit in the EIS data 

allows the inductive effect at low frequencies to be clearly seen. EN however is com

posed 0£ transients occurring at varying frequencies in response to an unknown internal 

perturbation[ 1, 56]. It may include near DC frequencies but this information cannot be 

separated out from higher frequency effects. This means that a low resistance value result

ing from an inductive response at low frequencies could be masked by higher resistance 

values resulting from the response 0£ the same inductor to higher frequency transients. 

(The effect 0£ different frequencies on measurements is noted by Cottis[26] who com

ments that differences in value between Rn and Rp are to be expected as Rp is generally 

measured at a frequency 0£ ~ 10-2Hz or lower, while Rn is generally measured over a 

range oil frequencies extending up to around lHz.) Theoretically this suggests that a sam

ple showing a purely capacitive response at low frequencies would show Rp > Rn, whereas 

a sample showing an inductive response at low frequencies would show Rp < Rn, This 

may be the explanation for the unexpectedly high Rn values obtained from some 0£ the 

Bsq 195 records. 

How this should be interpreted in the light 0£ an actual electrochemical system is 

debatable. Silverman[120] notes that inductive behaviour seems to arise from a number 0£ 

processes (in particular some types 0£ adsorption processes) but that there is no generally 

agreed cause. It is possible that inductive processes were observed in the Bsq 195 results 

due to corrosion occurring via adsorbed intermediate reaction products. 

It is possible that the results for the Bsq samples are another example 0£ ENM being 

"jumpy" in the early stages 0£ measurement, with different records being dominated by 

different parameters rather than consistently recording the same parameter. In this case 

it is possible that the inductive effects would have become less dominant over longer 

exposure periods, in which case the Rn values might have corresponded more closely 

with Ztf values. 

6.4.4 Rising post-immersion values 

The Durepon P14 sample d results were unusual in that all three techniques clearly 

showed a sharp drop and then a steep rise in values. Bode and Nyquist plots show that 

the first EIS record for the sample had an almost purely capacitive response with only one 

obvious time constant, indicating little water uptake and no corrosion. The second EIS 
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record however, had two clear time constants and a predominantly resistive low frequency 

response, indicating that a conducting path had been established through the coating and 

corrosion was occurring at the metal surface. The third EIS record again showed only one 

clear time constant, but had a mixed capacitive and resistive low frequency response with 

a much higher Ztf value than the previous record, apparently indicating that the corrosion 

processes had stopped. The Ztf value for this record approached the same value found in 

the data from Durepon P14 samples e and f, which did not show corrosion. In summary, 

the EIS data for sampled suggests that electrolyte quickly penetrated a flaw in the coating, 

but that corrosion products may have blocked the pore so that the response of the intact 

areas of the coating became the dominant feature of the system. The drop and subsequent 

rise in values seen in the Rn and E values shows that these techniques were also able to 

detect this behaviour, though without the EIS data it would have been difficult to verify 

the cause of the behaviour. 

Similar effects have been found in other studies. Picaud et al[98] observed an increase 

in resistance in some of their experiments after immersion, which they attributed to the 

partial sealing of pores by insoluble corrosion products. Mansfeld et al[76] also noted 

an initial increase in the pore resistance of one coating system, again attributed to the 

plugging of defects in the coating by corrosion products. 

6.5 Comments on the three techniques 

6.5.1 Corrosion Potential Measurement 

As expected, the actual E values were not a useful guide to coating performance, as 

several coatings with significantly different Ztf values showed very similar E values (for 

example Paracryl sample e and Durepon P14 sample e recorded E values of -3.7 and 

-3.6m V respectively, but the Ztf values corresponding to these readings were two orders 

of magnitude apart). 

Comparing E values for a bare metal sample (see Table 6.6) with E values for the 

coated samples tested in 2000, it is clear that none of the coated samples produced E 

values anywhere near as negative as those from the bare metal sample. This may be 

partly due to the low impedance of the multimeters used for the measurements. As the 

multimeters had input impedances of about 10 7 n, E values for any coated sample with 

an impedance of ~ 106.Q would have had an error of at least 10%, with the relative error 

rising with the impedance of the coating as IZcl /(IZml + IZcl) where Zm is the multimeter 

impedance and Zc the coating impedance. 
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Table 6.6: CPM results for an uncoated bare metal sample. Measurements were done 
using the same experimental setup (including the platinum pseudo-reference electrode) 
and substrate metal as was used in the 2000 experiments 

Day E values for bare metal sample 
(mV) 

1 -693 
2 -863 
3 -888 
4 -896 
5 -903 
6 -915 
7 -918 
8 -917 
9 -916 

However, even where the multimeter impedances were significantly higher than the 

Zit values for coated samples (as for the Bsq 195 samples, see Table 6.1), E values were 

still substantially less negative for the coated samples than for the bare metal sample. 

This suggests that the coatings, though degraded, were affecting the E values in some 

way, possibly by influencing the anodic/cathodic area ratio (as described in Section 3.1). 

E values also showed a tendency to move in both the positive and negative directions 

over time, which may also indicate that the anodic/cathodic area ratio 0£ the samples was 

affecting the results. 

The possibility o£using CPM to pick up the establishment 0£ conductive paths through 

the coating by picking up the point at which a finite corrosion potential is established, 

was also discussed in Section 3 .1. However finite corrosion potentials were observed 

for all coated samples except those in Group 1, and even within this group the Durepon 

P14 samples had established finite corrosion potentials after 24 hours' immersion in the 

electrolyte. As the Group 1 coatings are thicker and more protective than most coatings 

found or used on historic objects, interpreting E values in this way would seem not to be 

a particularly useful measure 0£ coating deterioration for conservation purposes. 

6.5.2 Electrochemical Noise Measurement 

ENM, revealed coating deterioration in most 0£ the samples by recording Rn values that 

tended to decline with immersion time. However, where a decline was not observed, the 

lack 0£ mechanistic information in the Rn results made it difficult to explain the cause 0£ 

the unexpected results. These details could only be illuminated by using the correspond-
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ing EIS data (see discussion above). 

ENM results are very dependent on the way in which the technique is applied. Cot

tis[26] in fact feels that a correct interpretation of EN measurements may always be de

pendent on a knowledge of the specific details of the experimental setup. In particular, 

recent work has focussed on the difficulty of accurately measuring and interpreting EN 

when the WE and CE are not identical. Although this is relevant even to nominally iden

tical electrodes if they develop different corrosion kinetics during the experiment, it is 

theoretically especially problematic when an inert counter electrode is used. 

As was discussed in Section 6.4.3, the use of an inert counter electrode in this study 

may have affected the results from the Bsq 195 samples. An inert counter electrode could 

also have had the following effects on the electrochemical systems. 

• With asymmetrical electrodes it is thought to be the least noisy electrode which 

will be recorded (see Section 3.3.4). This suggests the electrode being recorded will 

either be the inert counter electrode from the start of the experiment, or will become 

the inert counter electrode as noise-generating corrosion is initiated on the working 

electrode. This presumably should cause the current noise to remain constant ( at 

the level of noise generated at the counter electrode - Mansfeld et al[76] note 

that current noise on platinum electrodes were close to background noise for their 

ENM instrumentation) or at most rise from a lower level to that generated by the 

counter electrode. However the standard deviation of the current noise actually 

decreased for a number of samples in both experimental phases (Amercoat 149/33, 

Medium wax and Thick wax in 1997 and Bsq 195 sample e, Dinol AV30 sample 

f and Durepon P14 sample fin 2000). This suggests that the problem of an inert 

electrode becoming the source of the recorded EN was not an issue in this study. 

• With asymmetrical electrodes, current transients due to pitting activity occur pref

erentially in one direction ( either positive or negative depending at which electrode 

they are generated)[lO, 34]. This is not the case with the data in this study, suggest

ing that processes other than or additional to pitting were responsible for the noise 

recorded. 

• With an inert counter electrode, the potential of the working electrode tends to be 

displaced towards the anodic direction, the effect increasing with the size of the in

ert electrode[l]. This possibility cannot be assessed in this study as an inert counter 

electrode was used for all experiments and there are therefore no comparative ex

periments for the same coatings taken with nominally identical electrodes. 
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The effectiveness of the ENM instrument built during this study 

Comparison of the standard deviations of ENM sample and background records for the 

1997 and 2000 experiments showed that, although the records taken in 1997 were gener

ally above instrumental levels (the only exceptions being Anticorit CL voltage at 1 day's 

exposure, Anticorit BW366 current at 8 days' exposure and Thick wax current at 7 days' 

exposure), many of the records taken in 2000 were at or below the level of measured 

background noise. The explanation for real electrochemical systems producing noise of 

a lower amplitude than the measured background noise is difficult to explain, but may 

indicate that some aspect of the background measurement arrangement introduced noise 

that was not present during the actual electrochemical experiments. 

This may also be the reason why records that appeared to be below background in 

either current or voltage noise (or both in some cases) produced apparently sensible Rn 

values. This phenomenon is particularly noticeable in the Bsq 195 sampled results, where 

the first two records have low Rn values ( consistent with a poor coating) because the 

voltage noise is very low - in fact several orders of magnitude below that recorded as 

background. As discussed above (see Section 6.4.3), when the voltage noise increases 

to around background levels, the Rn values rise above what would usually be expected 

for such a thin coating. A check of records with noise amplitudes below measured back

ground levels showed no correlation between these records and unexpected Rn values. 

6.5.3 Electrochemical Impedance Spectroscopy 

The rankings obtained for the various coatings according to their Ztf values correlated 

predominantly with their respective thicknesses, although the Amercoat 149/335 coat

ing, which was a similar average thickness to the Thick wax coating, showed marginally 

lower Ztf values. As mentioned in Chapter 5, direct comparisons between the coatings 

tested in 1997 and 2000 should not be made as there were a number of differences in 

the experimental arrangements for the two separate experimental phases. However within 

each set of results the rankings were consistent. The good correlation between short term 

EIS results and long term exposure tests would allow these results to be extrapolated to 

predict the probable future behaviour and ranking of these coatings, which would be use

ful to conservators trying to select coatings for long term corrosion protection of historic 

objects. 

Using the PAR ZSimpWin software to simulate the data, it was relatively simple to 

identify compatible equivalent circuits for the various coatings. While this provided some 

information on the processes likely to be occurring on the tested samples, the fact that 
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more than one circuit was generally able to simulate the data equally well meant that 

a definitive description of the mechanisms involved was not possible. Interpretation of 

the circuits in terms of electrochemical processes also depended on the knowledge of the 

researcher, and would be outside the experience of most conservators. 
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Chapter 7 

Conclusions 

As stated in Chapter 1, this study was undertaken to identify a technique for evaluating 

coating performance which was suited to the needs 0£ conservators. As expected, each 

0£ the three techniques investigated had advantages and disadvantages in a conservation 

context. This is not surprising, as each technique measures different aspects o£the system 

under study and each analytical method brings out different aspects 0£ the data. Indeed 

it has been recognised that it is preferable to use more than one investigative technique 

in any research project, as the insights provided by the different methods often provide a 

more complete picture than one technique alone[37]. 

The performance o£the three techniques is summarised below, along with recommen

dations for the use o£these techniques in the field o£historic objects conservation. 

7.1 The Corrosion Potential Measurement technique 

Corrosion potential measurements are easy to perform and require equipment which is 

well within the budget 0£ conservation laboratories. The simplicity 0£ measurement and 

analysis means that metals conservators are likely to have encountered the technique dur

ing their professional training or experience, or can easily learn it. 

There are two principle drawbacks to the technique. Firstly, there are occasional con

ditions that produce anomalous CPM readings (where a higher CPM reading does not 

indicate a lower corrosion rate), and therefore actual CPM values are not a reliable guide 

to coating performance. Secondly, even i£ CPM measurements are purely used as a guide 

to whether or not metal/electrolyte contact has been established (and therefore corrosion 

is possible), coatings which are protective enough to completely prevent metal/electrolyte 

contact (in this study those with Z11 values 0£ > 108.Q) are rarely found or used on historic 
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objects. CPM does not therefore seem to be a particularly useful technique for assessment 

0£ coatings in a conservation context. 

7 .2 The Electrochemical Impedance Spectroscopy tech

nique 

EIS has the advantage 0£ being a comparatively well-established and well-understood 

technique. The equipment and dedicated software required however are outside the nor

mal budget 0£ any conservation laboratory in 'Australia, and the technique is therefore 

only available to conservators i£ they are able to access equipment through grant funding 

or collaboration with other research bodies. This makes EIS unlikely to be available in 

practice for regular long term monitoring 0£ coatings on historic objects, and only avail

able in certain cases for evaluation o£new coatings in the laboratory. 

Despite the complex theory behind the technique, in practice performing experiments 

and analysing the results is relatively easy. rn all that is required is to rank coating per

formance, the Zzt parameter can be used, which is simple to calculate. This parameter 

could also be obtained by measuring only one or two 0£ the lower frequencies, which 

would reduce the time required for measurements. The equipment to conduct such a re

duced set 0£ measurements would also probably be simpler, cheaper and less bulky than 

that required for the full EIS technique. However this parameter on its own has the same 

drawback as CPM and Rn readings: when an unexpected value occurs the parameter pro

vides no information that could be used to decide the cause 0£ the anomaly - whether 

it reflects electrochemical phenomena or problems with the equipment or experimental 

arrangement. 

rn the mechanistic information inherent in EIS measurements is to be used, more so

phisticated analyses are necessary. However even these are less daunting than expected. 

In particular, new analytical software (ZSimpWin from PAR) makes equivalent circuit 

analysis and the evaluation 0£ circuit parameters much easier, in contrast to the older 

Boukamp software which was confusing and laborious to use. However a reasonable 

understanding 0£ electrochemistry, circuit theory and frequency dependence is still nec

essary to interpret the results provided by the software, and this combination is again out

side the experience 0£ most conservators. However, i£ conservators access the equipment 

through a collaborative arrangement with other researchers, it is that this collaboration 

would include assistance with the interpretation 0£ data. 

Limited accessibility and almost non-existent portability therefore remain the greatest 

drawbacks to using the EIS technique in conservation. However i£ available it is by far 
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the most reliable and informative of the three techniques. Its particular value to conser

vation at present is clearly in the research area, where the accuracy and reliability of the 

technique can give weight to comparative evaluations of prospective new coatings for use 

in conservation. 

7.3 The Electrochemical Noise Measurement technique 

While ENM has been found by a number of researchers to be able to rank coating per

formance, the technique is still being developed and the theory behind it is imperfectly 

understood. Issues still being debated by researchers in the field include: 

• what processes cause electrochemical noise and how 

• how different experimental arrangements affect EN data, and which arrangements 

are best in which situation 

• which analytical techniques are most appropriate and the best methodology for 

these techniques 

• how to interpret ENM results and correctly relate them to parameters obtained from 

other electrochemical techniques. 

Although the relative simplicity of EN measurement and analysis seemed at the start of 

this study to make it very suitable for application to conservation work, the uncertainties 

surrounding the technique were found to make its practical application very complex. 

In particular, the difficulties inherent in using asymmetrical electrodes suggest that the 

technique is not well suited to the evaluation of historic coatings. The selection of areas 

of a coated object to function as nominally identical electrodes is obviously not possible 

if the condition of the coating in those areas is unknown to start with. 

Even for the evaluation of new coatings for prospective use in conservation, the tech

nique demands an advanced understanding of electrochemistry which is outside the pro

fessional experience of most conservators. Complexities to be dealt with include deter

mining suitable sampling regimes, controlling asymmetry of impedance and noise levels 

in the working and counter electrodes, and assessing frequency dependence in the results 

to avoid analytical distortions. These factors are all affected by the actual coatings being 

studied and cannot at present be dealt with by merely adopting the procedures recom

mended in the ASTM draft standard[56]. 
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Commercial ENM systems are available and some are, compared to EIS equipment, 

reasonably priced (though still beyond the means 0£ most conservation laboratories). 

These systems may provide some guidance on the above issues through their recom

mended procedures and dedicated software. However until the above issues are more 

fully understood uncertainties must remain about the application and interpretation ofahe 

technique. 

7.3.1 The Electrochemical Noise Measurement instrument 

The EN instrument developed for this project performed well, but could probably benefit 

from further development to increase its sensitivity and widen and flatten its operating 

bandwidth. However the boxed version was portable, reliable, easy to use and relatively 

cheap to make, all features which fufill the criteria outlined in Chapter 1 for suitability for 

use in conservation. 

7.4 Areas for further development 

The time constraints 0£ the present study have dictated a focus on laboratory testing. 

However a technique for evaluating coatings in the field is badly needed for conservation, 

and it would be useful to develop and test an electrochemical experimental arrangement 

that was adapted to field use. Issues which need to be researched include: 

• design 0£ a suitable test probe, including suitably shaped reference and counter 

electrodes 

• development and testing 0£ a method for easily reversible, non-damaging attach

ment 0£ the probe to the surface to be studied 

• selection 0£ a non-damaging electrolyte. (The ideal electrolyte would be highly 

conducting but would not be aggressive to the coated metal being tested.) 

• choice 0£ an electrolyte carrier to maintain good contact between the reference, 

working and counter electrodes 

• evaluation ofahe amount, type and design 0£ electrical shielding required in typical 

"field" situations (which may be either actually outdoors or in an indoor storage or 

display area) 

• evaluation o£the optimum size for the working electrode (the surface to be studied) 

136 



• development and testing of a minimally damaging method of establishing electrical 

contact with the working electrode 

Some work in these areas is already underway with reference to use of the EIS tech

nique in conservation field work[69]. As noted above, the need to use nominally identical 

working and counter electrodes to be confdent of obtaining valid EN data seems to rule 

ENM out as a method of studying actual historic objects. 

Another area of interest for study would be the dependence of the Ztf and Rn pa

rameters on the identity of the substrate metal in a coated system, as Ztf and Rn both 

incorporate low frequency information which contains information related to processes 

at the metal/electrolyte interface. Grandle and Taylor[ 43] note that the total impedance 

response of one coated metal will differ from that of another and that a successful transfer 

of methods and comparison of results from one to the other cannot be assumed. 

7 .5 Conclusions 

Both the CPM and ENM techniques seem at present to be of limited use in a conservation 

context. The EIS technique however can provide very useful information. Its major 

drawbacks remain the expense of the equipment and software required and the lack of 

portability for site use. However both the price and the size of electronic equipment 

are tending to decrease over time, which may make EIS more accessible to conservation 

laboratories, and more useful for fieldwork, over the next few years. 

At present the EIS technique is most effective in a conservation context as a labo

ratory based research technique, to provide assessment and ranking of the performance 

of modem coatings for conservation use. The ability of EIS to provide information on 

the potential lifetime of a coating from early stages of deterioration makes it particu

larly useful where short deadlines for exhibition and treatment preclude long term testing 

programs. At present most conservators will have to access this technique through rela

tionships with research laboratories which already have the equipment or are prepared to 

purchase it. However such relationships are extremely valuable to conservation in their 

own right, and it may be that the need to access EIS equipment and expertise in this man

ner will have beneficial side effects in developing stronger links between conservators and 

local research organisations. 

It is hoped that the information in this study will allow conservators to better assess 

which techniques are most suited to their requirements, and what potential problems to 

be aware of when selecting a technique and designing an experimental setup. It is also 
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hoped that as the ENM technique and its technical requirements become more fully un

derstood, the circuit design developed during this study will be useful as a basis for future 

development ofi a low cost ENM instrument. 
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Appendix A 

Experimental Data 

This appendix contains the results of experimental work carried out in 1997 and 2000. 
Graphs of the processed results from all three techniques (as represented by the Zzt, Rn 
and CPM parameters) are presented in Sections A. 1 and A.2. To allow the reader to 
examine the data used to derive the Zzt values, as well as the overall plot shapes of the 
EIS results, the raw EIS data are presented in Bode impedance and phase angle plots in 
Sections A.3 and A.4. The raw ENM data are not presented here as visual examination of 
the ENM time records would give the reader little useful information. 

The time of exposure for the EIS plots is given in days. t=0 indicates the record was 
taken on the day of immersion ( after CPM and ENM measurements were performed). t= 1 
indicates the record taken after 1 day's immersion, and so on. 
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A.1 Zz1, Rn and CPM parameters vs time for the 1997 
results 
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A.2 Z11, Rn and CPM parameters vs time for the 2000 
results 
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A.3 Bode impedance and phase angle plots for the 1997 
results 
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Bode impedance and phase angle plots for Thin wax at t=2 days 
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Bode impedance and phase angle plots for Thin wax at t=5 days 
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Bode impedance and phase angle plots for Thin wax at t=8 days 

Bode impedance and phase angle plots for Anticorit BW366 at t=O days 
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Bode impedance and phase angle plots for Anticorit BW366 at t= 1 day 

Bode impedance and phase angle plots for Anticorit BW366 at t=2 days 
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Bode impedance and phase angle plots for Anticorit BW366 at t=8 days 
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Bode impedance and phase angle plots for Amercoat 149/335 at t=O days 

Bode impedance and phase angle plots for Amercoat 149/335 at t=l day 
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Bode impedance and phase angle plots for Amercoat 149/335 at t=2 days 
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Bode impedance and phase angle plots for Amercoat 149/335 at t=5 days 
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Bode impedance and phase angle plots for Amercoat 149/335 at t=8 days 
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Bode impedance and phase angle plots for Medium wax at t=O days 
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Bode impedance and phase angle plots for Medium wax at t= 1 day 

Bode impedance and phase angle plots for Medium wax at t=2 days 
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Bode impedance and phase angle plots for Medium wax at t=4 days 

Bode impedance and phase angle plots for Thick wax at t=O days 
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Bode impedance and phase angle plots for Thick wax at t=4 days 
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Bode impedance and phase angle plots for Thick wax at t=7 days 
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A.4 Bode impedance and phase angle plots for the 2000 
results 
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Bode impedance and phase angle plots for Bsq 195, sampled at t=O days 

Bode impedance and phase angle plots for Bsq 195, sampled at t=l day 
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Bode impedance and phase angle plots for Bsq 195, sampled at t=8 days 

Bode impedance and phase angle plots for Bsq 195, sampled at t=15 days 
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Bode impedance and phase angle plots for Bsq 195, sample eat t=O days 
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Bode impedance and phase angle plots for Bsq 195, sample eat t=8 days 

Bode impedance and phase angle plots for Bsq 195, sample eat t=15 days 

166 
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Bode impedance and phase angle plots for Bsq 195, sample fiat t=8 days 

Bode impedance and phase angle plots for Bsq 195, sample fiat t=l5 days 
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Bode impedance and phase angle plots for Dinol AV30, sampled at t=8 days 

Bode impedance and phase angle plots for Dinol AV30, sampled at t=l5 days 
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Bode impedance and phase angle plots for Dinol AV30, sample eat t=8 days 

Bode impedance and phase angle plots for Dinol AV30, sample eat t=15 days 
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Bode impedance and phase angle plots for Paracryl, sample d at t=8 days 
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Bode impedance and phase angle plots for Durepon P14, sampled at t=O days 

Bode impedance and phase angle plots for Durepon P14, sampled at t=0.3 days 
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Index 

A, defect area, 38 
A, plate area ofi a capacitor, 21 
ba,bct, Tafel constants, 27 
C, capacitance, 15 
Cc, coating capacitance, 21 
Cdt, double layer capacitance, 21 
D, defect depth, 38 
d, distance between plates ofia capacitor, 

21 
E, corrosion potential, 27 
£, dielectric constant, 21 
£0, permittivity ofi free space, 21 
la,fct, fraction ofi surface area as anode 

and cathode, 27 
le, critical frequency for ENM, 53 
/max, maximum sampled frequency, 62 
/min, minimum sampled frequency, 62 
Gv, amplifier gain, 69 
I, current, 15 
In, current noise, 48 
j imaginary number, 15 
k, signal reduction, 72 
L, inductance, 16 
co, angular frequency, 15 
O,ohm, 14 
'¥, power spectral density, 48 
q, charge, 15 
R, resistance, 15 
Rf, feedback resistance, 69 
Rg, ground resistance, 69 
p, resistivity, 38 
Rn, noise resistance, 49 
Rn, solution resistance, 20 
Rp, polarisation resistance, 20 
Rpore, pore resistance, 20 
Rsn, spectral noise response, 50 
R~n• DC limit ofinoise impedance, 51 

200 

V., potential difference, 15 
Vn, voltage noise, 48 
Z, impedance, 15 
Z11, low frequency impedance modulus, 

39 
Zn, noise impedance, 50 

AID converter, see analogue to digital con
verter 

aliasing, 82 
filter, 64 
from sampling rate, 61 

amplifier, 66 
(AD)549, 70 
chopper stabilised, 67, 87 
differential configuration, 87 
gain, 69, 69, 72, 73 
OP77, 67, 70 
saturation, 70 
stability, 70 
variable, 70 

amplitude, 13, 14 
analogue to digital converter, 66, 84, 85 
analysis 

electrochemical impedance spectros
copy, 31 

equivalent circuit, see equivalent cir
cuit 

filtering, see filter 
angular frequency, 15 
anode, 17, 28 

area, 28 
dissolution, 43 
inhibition, 26 
net, 54 
relative area, 27, 128 

artefacts 



from sampling rate, 61 
ASTM draft standard, 41, 44--46, 58, 59, 

66, 75, 77, 135 
Australian War Memorial, 89, 92 

Bode plot, 32, 32, 34, 106, 121, 122 
capacitance, 33, 127 
constant phase element, 34 
data scatter, 39 
diffusion, 35 
inductance, 34, 126 
low frequency impedance modulus, 

39 
low frequency plateau, 39, 40, 53, 

103, 114, 115 
resistance, 33 
with Nyquist plot, 35 

capacitance, 15, 15, 21 
Bode plot, 33 
coating, see coating capacitance 
constant phase element, see constant 

phase element 
double layer, see double layer capac

itance 
impedance, 3 3 
Nyquist plot, 33 

capacitor, see capacitance 
cathode, 17, 28 

area, 28 
inert effect on noise impedance, 55 
net, 54 
relative area, 27, 128 

CE, see electrode, counter 
coating 

accelerated performance tests, 11 
adhesion, 18 
Amercoat 149/335, 92, 111-113, 115, 

117 
Anticorit BW:366, 91, 112, 113, 115, 

117,131 
AnticoritCL, 91,112,113,118,120, 

124, 131 
Bsq 195, 92, 112, 113, 118, 120, 126, 

131 
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delamination, 18, 28 
Dinol AV30, 92, 112, 113, 115, 117 
DureponP14, 92, 111-113, 115, 117, 

124,127,129 
evaluation, 9-12, 21, 29, 30, 37-40, 

47, 48, 51, 128, 129, 137 
failure, 18-20, 23, 28, 38, 114, 116 
field exposure testing, 11 
historic, 10 
hydophillic, 18 
hydophobic, 18 
paint, 9, 18, 30 
Paracryl, 92, 112, 113, 115, 117 
polymer, 18, 39 
pore, 28, 38, 127 
resistance, 21 
salt intrusion, 19 
sample, 89 
sample size, 90 
thickness, 90, 93 
wax, 91, 111-113, 115,117,131 

coating capacitance, 21, 21, 3 7, 114 
complex number, 15 
conservation 

accuracy ofi CPM measurement 29 
' ' 

128 
coating evaluation, 40 
development ofi techniques, 9 
electrochemical techniques, 10, 13, 

24, 25, 133-138 
historic coatings, 90 
performance tests, 11 
preservation ofi coatings, 9, 1 O 
specimen preparation, 95 
suitability ofiCPM, 133 
suitability ofi EIS, 134 
suitability ofiENM, 64, 135 

constant phase element, 16, 111 
Bode plot, 34 
impedance, 33 
Nyquist plot, 34 

corrosion 
abrasion, 42 
cracks, 42 



electrochemical, 17 
hydrogen bubbles, 42, 56 
mechanisms, 10, 25, 30, 40 
monitoring, 10, 23, 29, 51, 128, 129 
pitting, 19,42,43,54,55,60, 130 

metastable, 19, 39 
randomness, 19 
repassivation, 19, 42, 54 
spot, 38 
substrate, 13 7 
transient current and voltage 19 41 

' ' ' 56, 130 
corrosion potential measurement 23 25 

' ' ' 25-29, 64, 102, 103, 112, 113, 
115, 118, 119 

bare metal, 128, 129 
electrode configuration, 93 
evaluation, 29, 128, 133 
fluctuations, 28 
inhibition, 26 

CPE, see constant phase element 
CPM, see corrosion potential measure

ment 
current 

alternating, 13, 14, 23, 30 
complex number representation, 15 

corrosion, 19, 26, 31 
DC drift, 60 

effect on analysis, 60 
removal, 60 

DC signal in electrochemical noise 
measurement, 60 

direct, 13, 14, 23 
electrical, 13 
electrochemical, 17 
noise, see current noise 

current noise, 48 
correlated, 57 
effect o~ electrode area, 57 
effect on ENM, 123 
uncorrelated, 57 

data logger, 84, 85 
deconvolution analysis, 35 

error accumulation, 3 7 
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dielectric, 15, 19, 21, 37 
dielectric constant, 21 
diffusion, 18, 19 

Bode plot, 35 
impedance, 34 
Nyquist plot, 35 

double layer capacitance, 21, 56 

EIS, see electrochemical impedance spec
troscopy 

electric field, 13 
electrochemical cell, 13, 18, 98-10 1 

cell types for ENM, 45 
construction, 97 
perturbation, 24, 30, 39, 40, 44, 104 

electrochemical impedance spectroscopy, 
10,24,25,30-41,64, 102,103, 
104, 105 

as a standard, 3 0 
cost, 40 
evaluation, 131, 134 
low frequency plateau, 123 
mechanistic information, 30, 31, 134 
scan time, 31 

electrochemical noise 
causes, 42 
definition, 41-42 
hydrodynamic effects, 43 
noise signatures, 42 

electrochemical noise measurement 24 
' ' 25,41-63,64, 102,106 

analysis, 47, 52 
cost, 46, 86 
critical frequency, 53 
dependence on technique, 130 
electrode configuration, 93 
evaluation, 129,131, 135 
instrument sensitivity, 123 
measurement frequency, 59-63 
measurement period, 61, 84, 123 
mechanistic information, 51 
phase information, 44 
sampling rate, 61-63, 84 
Thevenin equivalence o~voltage and 

current noise, 44 



uncorrelated current and potential, 45, 
57 

electrode 
area, 56,57-58,95, 106,136 
asymmetric, 54, 54-57, 94, 126, 130, 

135 
configuration, 93 
counter, 18, 43, 45, 46, 95, 126 
current distribution, 56 
effect on voltage noise, 48 
impedance, 59 
inert,94,95, 126,130 
noiseless, 59 
non-polarizable, 45, 59 
platinum, 45, 55, 94-96 
pseudo-reference, 45, 59, 96 
reference,18,25,43,45,46,59,96 
saturated calomel, 45, 59, 96 
symmetric, 56 
test probe, 136 
working, 18, 25, 30, 43, 45, 46, 95 

common input, 66 
electrolyte, 17, 97 

flow, 43 
non-damaging, 136 
passivating, 44 
penetration, 23, 28, 29, 31, 37-39, 

103, 118 
ENM, see electrochemical noise measure

ment 
ENM instrument, 66, 64-88, 89, 106 

1996,66,68,69,67-70, 108 
1997,71, 72,70-72 
2000,73, 74, 72-75,76, 109 
batteries, 67, 75 
bootstrapping, 88 
cabling, 82, 83 
calibration, 77-81, 108 

1996, 77, 78, 79 
1997,79,80 
2000, 79, 81 

cost, 86 
design parameters, 65 
environmental noise, 77 
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evaluation, 136 
Faraday cage, 82, 83 
grounding, 82 
grounding switch, 75 
high impedance buffer, 65 
input leakage, 73 
instrument noise, 75 
measurement period, 84 
performance, 7 5 
portability, 64 
sampling rate, 84 
selfi-built, 46, 65 
shielding, 82, 136 
supply rail bypassing, 73 

equivalent circuit, 20, 20, 31, 104 
choice o:fiparameters, 37 
complexity, 118, 119 
group 1, 111, 1 14 
group 2, 114, 115, 116 
group 3, 116, 118, 118 
multiple, 35 

Evans diagram, 26, 26, 27 
experimental method 

cell,97 
coating preparation, 90 
coating sample size, 90 
coating thickness, 93 
electrode area, 95 
electrode configuration, 93 
electrolyte, 97 
measuring procedure, 102 
sample type, 89 
substrate preparation, 91 
voltmeter, 103 

Faraday cage, see ENM instrument, Fara
day cage 

fast Fourier transform, 50, 108 
sample size, 61 

FFT, see fast Fourier transform 
filter, 66 

anti-aliasing, 64, 67 
DC, 60, 66, 67, 87 
frequencies above Nyquist limit, 61 
high pass, 60 



least squares, 60 
mains interference, 64, 67, 70 
moving average removal, 60 
window, 60 

fractal analysis, 51, 110 
frequency,13,30, 103 

critical, 53, 123 
in EIS, 31 
maximum, 62 
minimum, 62, 123 

function generator 
ENM instrument calibration, 77 

Hurst exponent, 52 
hydration, 18 

impedance, 16, 15-16, 30 
Bode plot, 32 
capacitance, 33 
complex number representation, 15 
constant phase element, 33 
diffusion, 34 
inductance, 34 
low frequency modulus, see low fre-

quency impedance modulus 
Nyquist plot, 32 
resistance, 33 
Warburg, 34, 111 

inductance, 15, 16 
Bode plot, 34 
impedance, 34 
in Bsq 195 samples, 126 
in group 3 coatings, 118 
Nyquist plot, 34 
pseudo, 16 

low frequency impedance modulus, 39, 
49, 104, 109, 111-113, 115, 118, 
119, 127, 134, 137 

vs noise resistance, 119, 123, 124, 
126 

maximum entropy method, 50 
MEM, see maximum entropy method 
multimeter, see voltmeter 
Museum of Victoria, 89, 91 
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noise impedance, 50, 54 
asymmetric electrodes, 55, 126 
DC limit, 51, 53, 109 
effect of electrode area, 57 
frequency dependence, 108 
low frequency plateau, 51 

noise resistance, 49, 53, 54, 108, 112, 
113, 115, 118, 119, 137 

DC limit, 53 
effect of electrode area, 57 
frequency dependence, 49, 50, 53 
jumpiness, 125, 127 
vs low frequency impedance modu

lus, 119, 123, 124, 126 
vs polarisation resistance, 123 

Nyquist limit, 61, 64, 67 
Nyquist plot, 32, 32, 33, 106, 121, 122 

capacitance, 33, 127 
constant phase element, 34 
diffusion, 35 
inductance, 34, 126 
resistance, 33 
with Bode plot, 35 

Ohm's law, 14, 16 

period, 14 
permittivity of free space, 21 
phase, 14,15,30,44,45 

Bode plot, 32 
in impedance, 15, 16 
shift due to electrode area, 58 

Pl, see pitting index 
pitting index, 49 
polarisation resistance, 20, 24, 39, 49, 53, 

54, 56, 114, 116, 123, 126 
vs noise resistance, 53, 123 

pore resistance, 20, 38, 39, 49, 114, 116 
effect of defect size, 3 8 

potential difference, 13 
in corrosion potential measurement, 

25 
potential noise, see voltage noise 
potentiostat, 40, 46, 103 
power spectral density, 48, 50, 53, 108 



slope effect on noise resistance, 123, 
125 

spectral leakage, 50 
PSD, see power spectral density 

RE, see electrode, reference 
reactance, 15 

Nyquist plot, 32 
reaction 

electronation, 17, 26 
inCPM, 25 
inhibition, 26 
metal dissolution, 17, 26 
oxidation, 17, 20 
reduction, 19, 28, 43, 56 

resistance, 14, 15 
Bode plot, 33 
coating, 24 
DC measurements for evaluation, 23 
impedance, 16, 33 
noise, see noise resistance 
Nyquist plot, 32, 33 
polarisation, see polarisation resistance 
pore, see pore resistance 
solution, see solution resistance 

resistor, see resistance 
RMS, see root mean square 
root mean square, 4 5 

software 
Boukamp,35,37, 104,107,134 
GENIE, 84, 86 
M398, 103 
ZSimpWjn, 32, 37, 104, 107, 111, 

114, 118, 131, 134 
solution resistance, 20, 24, 39, 49 
spectral analysis, 47 
spectral noise impedance, 50, see noise 

impedance 
spectral noise response, 50, see noise im

pedance 
substrate, 23 

coating adhesion, 18, 19, 92 
corrosion, 18, 21, 28, 31, 53 
diffusion reactions, 35 
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polarisation resistance, 24 
preparation, 90, 91 
presence in analysis, 38, 39 
sample type, 89 
surface processes, 125 
time constant, 118 
uncoated, 26, 128, 129 

Tafel constants, 27 
thickness gauge, 93 
time constant, 24, 31, 35, 38, 53, 111, 

116, 127 
transfer function, 30, 69, 72 

visual inspection, 47 
voltage noise, 48 

effect 0£ electrode area, 57 
voltmeter, 25, 29, 46, 103 

input impedance, 29, 103, 128 

Warburg impedance, see impedance, War-
burg 

wavelet analysis, 51 
WE, see electrode, working 

zero resistance ammeter, 46, 67 
performance, 7 5 
selfi.-built, 65 
transfer function, 69, 72 

ZRA, see zero resistance ammeter 


