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Abstract

This study involved investigating the feasibility o f  using Electrochem ical Impedance 

Spectroscopy to assess the perform ance o f  coatings used to protect alum inum  in beverage 

containers, and developing an accelerated testing procedure. In the prelim inary 

investigation, tests were perform ed to ensure that the EIS system s at hand are capable, 

functional and consistent. This was followed by EIS testing o f  kitchen-alum inum  foil and 

high-im pedance epoxy polym er as a baseline for chem ically-active and chem ically-inert 

systems. The ability o f  EIS to differentiate between intact and flawed coatings was tested 

by investigating deliberately dam aged coatings. The effects o f  varying the pH  and 

oxygen content on the perform ance o f  the coated alum inum  samples were also tested. 

From this investigation, it has been concluded that EIS can be used to differentiate 

•between intact and flaw ed coatings and detect corrosion before it is visually observable. 

Signatures o f  corrosion have been recorded and a prelim inary testing procedure has been 

drawn.
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Chapter 1. Introduction

1.1. Background

W hen alum inum  cans are m anufactured, they have a coating applied to the inside and 

outside to protect the alum inum  from corrosive environm ents.

An aluminum , beverage can is made with two pieces —  the can body and the can 

end (or lid). The m anufacturing process starts w ith coils o f  aluminum . Can plants use 

large quantities o f  alum inum  coil every day to m ake can bodies or ends. Each coil 

typically weighs about 11,340 kg (25,000 pounds) and, when rolled out flat, can be 

anywhere from 6,100 m to 9,100 m (20,000 feet to 30,000 feet) long and 1.5 m to 1.8 m 

(5 to 6 feet) w ide [1].

The alum inum  coils arrive at the can plant and are loaded one at a tim e onto an 

“uncoiler”, a machine that unrolls the strip o f  alum inum  at the beginning o f  the can- 

making line and feeds it to the line, where it is first lubricated. Lubrication helps the 

aluminum flow smoothly during the can shaping processes that follow. A large machine 

called a cupping press starts the can shaping process. The press cuts circular discs from 

the aluminum sheet and forms them  into shallow  cups after which they drop onto the cup 

conveyor. These two metal-form ing operations are perform ed at high speeds and make 

2,500 to 3,750 cups per minute. The scrap (or skeleton) alum inum  left over from these 

operations is rem oved and recycled [1],

From the cupping press, the cups are draw n into longer cups through a series o f 

iron rings; now the aluminum starts to look like a can. The tops are trim m ed o ff to make 

them even; each can is the same height and width. A w asher cleans and dries the can 

bodies so they can be decorated, and the cans proceed to a printer, where six to eight
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colors o f  ink may be placed on a can at the same time. The can spins around as the label 

is applied. Finally, a coating is applied that m akes the outside o f  the can shiny and 

protects the newly applied paint and the can ’s exterior [1],

N ext, the can goes to  an oven, where the paint and coating are baked onto the can 

to prevent chipping. The can’s interior is then coated w ith a spray to prevent what is in 

the can from touching or reacting w ith the metal, and the can is baked in an oven again to 

seal the coating onto the can. The top o f  the can is now  m ade narrow for the can lids to be 

fitted after the can is filled. A lip is formed, called a flange, which helps seal the lid in 

place after the soft drink is put in the can. The bottom  o f the can is also reform ed at this 

point. A machine makes a small dom e that helps im prove the strength o f  the container 

[!]•

Finally, all finished cans are tested for leaks. A light tester can find holes sm aller 

than a hum an hair. The cans are placed on pallets and shipped to soft drink companies. 

The lids o f  the cans, called can ends, are m ade separately and shipped separately to the 

soft drink companies. As w ith the can-body m anufacturing, the can-end m aking process 

starts w ith a coil o f  aluminum. The alum inum  is uncoiled, lubricated and fed to a 

m achine that m akes it into a round shell. The shells are coated with a protective coating 

and dried. This way, none o f  the soft drink will actually touch the metal. N ext, a m achine 

m akes a button on the end where an easy-open tab can be secured into place [1].

1.2. Problem Definition

The integrity o f  an aluminum beverage or food can depends on a polym eric coating 

(lacquer) that protects the can from a chem ical environm ent containing highly aggressive
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solutions. W ithout this protective coating, cans would rapidly fail by corrosion. Epoxy 

resins are used as a protective coating in m etal-based food and beverage cans [2],

Bisphenol-A  (BPA) is the com m on nam e for 2,2-(4,4 '-dihydroxydiphenyl) 

propane, 4,4 '-isopropylidenediphenol, or 2,2 '-bis(4-hydroxyphenyl)propane [2], It is used 

as an interm ediate in the production o f  epoxy resins which are used in the internal coating 

for food and beverage cans to protect the food from direct contact w ith  metal. BPA can 

migrate from cans with epoxy coatings into foods, especially at elevated temperatures 

(for exam ple, for hot-fill or heat-processed canned foods). BPA is one o f  the 23,000 

chem ical substances on the CEPA (Canadian Environm ental Protection Act) Domestic 

Substance List (DSL) identified for further evaluation under governm ent o f  Canada's 

Chem ical M anagem ent Plan (CM P) [2].

BPA-coatings prevent both corrosion o f  the can and contam ination o f  food and 

beverages w ith dissolved metals. It plays an im portant role in  preserving the quality and 

safety o f  the canned food. Plastics and resins containing B isphenol-A  can also be used in 

a range o f  other products including [2]:

• medical devices (e.g. blood oxygenators, incubators, and respiratory devices);

• dental sealants;

• sporting and safety equipm ent (e.g. hockey helmets);

• electrical (e.g. alarm devices, mobile phone housings, and com puters); and

• autom otive parts (e.g. headlights, bumpers, and inside lights).

Bisphenol-A  is not found naturally in the environm ent. Bisphenol-A, along with

approxim ately 200 other chem icals, was identified as a  high priority under the 

Governm ent's Chem icals M anagem ent Plan; it was identified as a chem ical that could
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affect reproduction. Health Canada analyzed the scientific literature, as well as recent 

assessm ents by other organizations, and confirm ed that the potential health effects were 

reproductive and developm ental [2],

The risk assessm ent perform ed by Health Canada confirm s that exposure levels 

are below  those that could cause health effects. However, due to the uncertainty raised in 

some studies relating to the potential effects o f  low levels o f  B isphenol-A , the 

Governm ent o f  Canada is taking action to enhance the protection against BPA [2],

Besides the effects o f  exposure to BPA, Environm ent C anada has identified 

concerns about the levels o f  B isphenol-A  that are being released to the environm ent. One 

o f  the assessm ents shows that there is the potential for long-term  adverse effects to 

organism s from Bisphenol-A. In addition, these effects can occur at levels that are 

currently found in the environm ent close to point sources, such as m unicipal w astewater 

treatm ent plants [3].

The G overnm ent is looking at ways to m anage the levels o f  Bisphenol-A  being released 

to the environm ent at safe concentrations for fish and other aquatic life. The current 

scientific evidence indicates that the general public need not be concerned as levels o f 

BPA present in food do not pose a health risk [2].

As a precautionary measure to address the environm ental concerns, Environm ent 

Canada has issued a regulation which requires m anufacturers to produce a pollution 

prevention plan for lowering the levels o f  BPA in industrial effluents [3]. The regulation 

would also require facilities using Bisphenol-A  to im plem ent best m anagem ent practices 

to ensure that it is handled and disposed o f safely. These actions w ill keep the levels o f

4



Bisphenol-A  being released to the environm ent at safe concentrations for fish and other 

aquatic life [3].

Environm ent Canada w ill work w ith municipal and provincial counterparts to 

m onitor Bisphenol-A  and is currently studying landfills to increase our understanding of 

trends and how  the life cycle o f  products containing Bisphenol-A  affect the environm ent. 

There are still m any unansw ered questions about Bisphenol-A. Therefore, the 

G overnm ent will begin an aggressive research plan  focussed on m others, the fetus, 

new bom s and infants as well as other areas o f  potential harmful effects, such as 

prostate/breast cancer, to better define sources o f exposure and key points in tim e when 

exposures may cause effects [2].

1.3. Objective of the Research

Due to the potential harmful effects o f  B isphenol-A , new regulations are currently being 

im plem ented and Health Canada's Food D irectorate continues to place a high priority on 

the tim ely evaluation o f  pre-m arket subm issions for BPA-free can coatings. As these 

alternative coatings becom e com m ercially available, they are anticipated to be gradually 

used in the packaging o f  more foods for the general population [2]. This would m ean that 

the coatings currently used to protect food and beverage must be replaced by new 

formulations. At present there is no fast and convenient method to ratify coatings before 

or during service, or to test new form ulations.

This has initiated a need to develop, test and use new  form ulations o f  lacquers, 

which are as yet untested. The objective o f  this on-going research is prim arily to develop 

detailed, standardized, accelerated-testing techniques and protocols using
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Electrochem ical Impedance Spectroscopy (EIS), along with o ther electrochem ical 

techniques, to evaluate the durability o f  Can End Stock (flat stock and converted ends).

EIS is a very powerful technique that can be used to study the structure o f  very 

high im pedance coatings on m aterials, and m onitor their degradation and failure. Cracks, 

holes, pores and blisters are all detectable w ith EIS from earlier in their history than by 

any non-electrochem ical method. EIS will enable evaluation o f new  coatings in a much 

shorter tim efram e (weeks) than can currently be done with o ther techniques. The 

signatures in EIS spectra and polarization experim ents that are quantitative indicators o f 

coating failure and corrosion will be identified, and robust laboratory procedures to 

perform these m easurem ents will be developed.

A future aim o f this research will be to extend this technology to develop an on

line sam pling and monitoring system  that can be used for quality assurance during the 

m anufacturing process, hence adding to the quality assurance o f  a product. N o such 

m onitor exists at present.

1.4. Organization of the Thesis

This thesis is com posed o f  7 chapters. Chapter 1 introduces the reader to the problem  

definition and the objectives o f  the research. Chapter 2 provides an introduction to EIS, 

followed by an in-depth literature review  in w hich the latest research on using EIS to 

study coated-alum inum  is presented in Chapter 3.

The testing procedure, equipm ent, software and corrosion cells utilized to carry 

out this research are explained in Chapter 4. The prelim inary experim ents carried out to 

optimize the systems at hand and to ensure the proper-functioning o f  the equipm ent are 

presented in Chapter 5.
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Chapter 6 presents the experim ents perform ed on the coated-alum inum  sam ples in 

aerated and de-aerated environm ents as well as the prelim inary tests on the form ed can- 

ends. The conclusions and recom m endations for future experim ents are presented in 

chapter 7.

1.5. Methodology

The m ain experim ental m ethod used in this research is EIS, com plem ented with 

potentiodynam ic scans. The research was carried out in three main stages:

1) Prelim inary experiments: The m ain objective o f  this stage was to determ ine if  the 

EIS system s at hand are functional and produce consistent data. It w as im portant 

for each EIS instrum ent to establish the lim its w ithin which it gives accurate data. 

This w as followed by EIS testing o f  kitchen-alum inum  foil and high-im pedance 

epoxy polym er to obtain respectively baselines for chem ically-active and 

chem ically-inert systems. Early signatures for corrosion and deteriorating 

coatings were recorded.

2) Experim ents in aerated solutions: the effects on the coated-alum inum  sam ples o f 

continuous exposure to different aggressive solutions, containing varied pH levels 

and salt concentrations were investigated. The ability o f  EIS to differentiate 

between intact and flawed coatings w as also tested by investigating deliberately 

dam aged coatings using AC (EIS) and DC (potentiodynam ic) methods. The early 

signatures for corrosion were confirmed. These studies also established the 

background for the developm ent o f  an accelerated testing procedure for alum inum  

lacquers.
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3) Experim ents in de-aerated solutions: during prior testing, sam ples failed in times 

varying from  a few days to a few  weeks, while in practice, in the field, sim ilar 

cans last a very long tim e before they fail. Since during service conditions, the 

coated-alum inum  samples are exposed to deaerated environm ents, the effects o f 

such conditions were explored to help understand the prolonged service life o f 

alum inum  beverage cans. Once again signatures for corrosion w ere recorded.
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Chapter 2. Electrochemical Impedance Spectroscopy (EIS)

2.1. Introduction

Electrochemical Im pedance Spectroscopy (EIS) is an electrochem ical technique w ith a 

vast range o f  applications. Perform ing a simple search for electrochem ical im pedance 

spectroscopy yields over 20,000 publications in m any different fields, such as corrosion 

science, biosensors, battery developm ent, fuel cell developm ent, physical 

electrochem istry and coating/paint characterization [4], In the early 1970’s, the pow er o f 

electrochem ical im pedance spectroscopy as a tool for studying difficult and com plicated 

systems was realized by research electrochem ists and materials scientists [5]. The main 

reason behind its popularity is its ability to provide sensitive, qualitative and quantitative 

inform ation about the physical and chem ical properties and changes in an 

electrochem ical system [4],

EIS involves the application o f  a small, sinusoidal, alternating current (A C) or 

voltage to the sample undergoing investigation. The AC perturbation (either voltage or 

current) is applied over a range o f  frequencies, and the electrical response o f  the system  is 

measured and analysed over this range o f  frequencies [4], An EIS setup consists o f  a 

working electrode (W E), a counter electrode (CE), and a reference electrode (RE). The 

working electrode, generally the m aterial under investigation, is w here the corrosion 

reaction(s) take place in an electrochem ical system. The counter or auxiliary electrode is 

the electrode in the cell that provides the m ain current source, and the reference electrode 

serves as an experim ental voltage reference point.

Electrochem ical cells can be configured as either a two-electrode, three-electrode 

or four-electrode electrochemical cell setup. In tw o-electrode setups, the counter and
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reference electrodes are connected. In all o f  the experim ents described in this thesis, the 

two-electrode setup was utilized. In the three-electrode setups, the counter and reference 

electrodes are separated. The potential changes o f  the w orking electrode are m easured 

independently o f  any changes that m ay occur at the counter electrode in three-electrode 

setup. Four-electrode setups are relatively uncom m on and will not be discussed [6]. 

Figure 2-1 shows a three-electrode setup for carrying out EIS measurements.

C.E. R.E.

Electrolyte

Figure 2-1 Schematic of an electrochemical cell used to carry out EIS measurements 
on coatings.

2.2. What is Impedance?

The concept o f  electrical resistance is the opposition to the passage o f  electrical current 

through an electrical element, defined by O hm ’s law as [5]:

where /  is the current [A], V  is the voltage or the potential [V], and R  is the electrical 

resistance [fi]. However, this relationship is lim ited to one circuit elem ent, the resistor. In 

the real world, other passive com ponents such as the capacitors, inductors and constant
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phase elements exhibit a much more com plex behavior. In place o f  resistance we use 

impedance, Z, which is a measure o f  a circuit’s tendency to resist (or im pede) the flow  o f 

an alternating electrical current. The equivalent m athem atical expression is [5]:

v
Z  — 2-2

*ac

This equation only applies to the time varying, alternating, or AC, com ponents o f 

the current and voltage. The m agnitude and tim e relationships between the voltage and 

current nearly always depend on the frequency o f  the alternating current and voltage. 

Figure 2-2 shows a sine wave voltage applied to an electrochem ical cell and the current 

response [5].

Time or Phase Shift

0)
T3
3

‘ c
O )
CO
s

Current

Voltage

Time

Figure 2-2 A small sinusoidal potential excitation and its current response in an AC 
system [5].

In Figure 2-2, sine waves representing AC voltage and AC current are plotted, but 

they are shifted in time relative to each other, due to electrical com ponents storing charge
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and energy. The voltage is said to lead the current; i.e., the peak voltage occurs before the 

peak current. It can also be said that current the lags the voltage. This tim e shift may be 

expressed as an angle, the phase angle shift o f  the current response, or sim ply the phase 

angle, cp. I f  one cycle (360°) o f  the sine wave takes 1 s, and the tim e shift between the 

current and voltage sine waves is 0.3 s, then the phase angle is 36°. In the case o f 

Figure 2-2, the phase angle would be defined as positive, w hereas if  the current leads the 

voltage, the phase angle is considered negative [4].

The m agnitude o f  the im pedance (Cl)  o f  this system can be expressed by taking 

the ratio o f  the am plitude o f  the voltage sine wave (in volts) to that o f  the current sine 

wave (in amperes). The m agnitude o f  the im pedance, jZj, is som etim es called the 

modulus o f  the impedance. To characterize the im pedance, Z, one m ust specify its 

m agnitude, jZ|, and phase, (p, as well as the f re q u e n c y ,/( in  cycles per second, or Hertz), 

at which it was m easured [5]. These three param eters are often plotted on what is known 

as a Bode plot, shown in Figure 2-3.

The concept o f  electrical im pedance was introduced by O liver H eaviside in the 

1880’s, after which it was developed in term s o f  vector diagram s and com plex 

representation by A. E. K ennedy and C. P. S teinm etz [7],

An AC system can be described in terms o f  com plex arithm etical functions. In 

this representation, the excitation potential and the response current are given by Eq.2-3 

and Eq.2-4, respectively [8].

Vac =  K  =  V0e ^  2-3

l t  =  l 0 e ja) t - i v  2-4
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where V, is the potential at time t,  I, is the current at time t ,  V0 is the am plitude o f  the 

voltage, I q is the am plitude o f  the current, (p is the phase shift in the current, j =  V—1, and 

to is defined in Eq.2-5.as

to =  2 n f  2-5

Using O hm ‘s law, the im pedance can be represented as a com plex function [4]:

Ft V0 e  

1 ^ ~  I o e ^ t - w
Z  =  - i  =   P - -  -, r =  Z 0 e j<p 2-6

Applying E uler’s relationship [8]:

e J<p =  cos(<p) +  j  s in ( cp)  2-7

The following relationship for im pedance can be obtained.

Z =  Z0(cos(<p) +  ;'sin(<p)) 2-8

The im pedance is now  resolved into real and im aginary com ponents [7],

Z rea l  =  Z '  =  Z 0 C O S (< p ) 2-9

Z im g  ~  z "  =  Z0 sin(<p) 2-10

W ith a phase angle

And a modulus

tp =  ta n  1 — 7 2 - 1 1
Zj

|Z | =  [ ( Z ) 2 +  ( Z " ) 2] y 2 2-12

2.3. EIS Output

Three parameters, the m agnitude |Z|, and phase angle <p, as well as the frequency / a r e  

needed to characterize the im pedance o f  a system. These param eters are plotted on what 

is known as a Bode plot, shown in Figure 2-3. For the experim ents reported here, the
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frequency can range from more than 100,000 Hz down to 0.001 Hz or less. Therefore, the 

frequency axis (the horizontal axis) is plotted logarithm ically. Since |Z| can also change 

by a factor o f  a million or more in these studies, the |Zj-axis (the vertical axis) is also 

plotted logarithm ically. Bode plots are often used to display EIS data [5].

10

101 10*10'1 10-

Frequency (Hz)

-40

~af '3 0
O)
 ̂-20

E  -10

10° 10‘10-

Frequency (Hz)

Figure 2-3 Typical Bode plot o f an EIS scan.

Other representations for EIS data include the vector representation (polar 

coordinates) and the com plex plane representation know n as the N yquist plot. In the 

vector representation, Figure 2-4, the length o f  the vector is \Z\ and the rotation o f  the 

vector is the phase angle f(p).
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Figure 2-4 Vector representation of EIS data.

In the Nyquist representation, Figure 2-5, Z reof ( Z ' )  is on the horizontal axis and 

Z img ( Z " )  on the vertical axis. In this thesis, m ainly the Bode-plot representation (e.g. 

Figure 2-3) is utilized.
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Figure 2-5 Nyquist representation o f EIS data shown in Figure 2-3.

2.4. Equivalent Circuit Modelling

Electrochemical systems such as coated surfaces or corroding metals often behave like 

simple electrical circuits [7] so EIS data are com m only analyzed by fitting them  to an 

equivalent electrical-circuit model. This procedure is known as Equivalent Circuit 

Analysis (ECA) [4], Provided that the m odel is physically representative o f  the actual 

measured system, the variation o f  the model com ponents can be tracked w ith respect to 

time so that changes in the physical system can be quantified as a function o f  tim e [5],
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The m easured data are fitted to an assum ed model to obtain the m agnitudes o f 

appropriate circuit elements. It is possible to derive quantitative inform ation on the 

thickness, porosity and integrity o f  a coating by perform ing such analysis [4],

It is im portant to first understand the basic passive circuit elem ents and their 

com binations before trying to understand the proposed m odels for coated metals. The 

basic circuit elements, relevant to this thesis, are the resistor, capacitor, inductor and 

constant phase element.

If  a sine wave voltage is applied across an ideal resistor, the current will also be a 

sine wave in phase with the voltage with no time lag; it has a phase angle o f  0°. The 

current through a resistor reacts instantaneously to any change in the voltage applied 

across the resistor. For an ideal resistor, this is true at all frequencies. Also, the am plitude 

o f  the current sine wave does not depend upon the frequency; it depends only on the 

Resistance R  (in Q) and the am plitude o f  the voltage sine wave. The im pedance o f  a 

resistor is straightforward to write as a com plex number. In com plex coordinates the 

phase angle is always 0°, the ' ‘vector’’ always lies on the real axis and the Y (im aginary) 

com ponent is always zero [5].

^ r e s i s to r  %rea l  T  j ^ i m g
2-13

= r  +yo

= R

Since the impedance o f  a resistor is independent o f  frequency, the Bode 

magnitude plot is ju st a horizontal straight line (slope equals 0) and the Bode phase plot is 

always zero. An example o f  a resistance in electrochem istry is the resistance o f  the
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electrolyte in the electrochem ical cell. The resistance o f a column o f  electrolyte can be 

calculated by [5]:

D _ p L  2-14
r ~ t

where L  is the length o f  the column, A  is the cross-sectional area, and p  is the resistivity 

o f  the electrolyte (O-cm).

A nother simple, yet useful, electric circuit elem ent is the capacitor. Sandw iching a 

piece o f  non-conducting plastic or polym er (called a dielectric) between two metallic 

conducting plates makes a capacitor. A capacitor is a passive circuit elem ent that can 

store energy. The process o f  storing energy in the capacitor is know n as “charging" and 

involves the separation o f  electric charges, w hich build up on each plate, w ith equal 

m agnitude but opposite polarity [8].

Unlike the resistor, the current is -90° out-of-phase with the voltage. A sine-w ave 

voltage waveform  leads to a cosine-current waveform. The current depends on the 

frequency and reaches a m aximum w hen the voltage is changing the fastest; as it crosses 

through zero. The higher the frequency, the more rapidly the voltage changes, and the 

higher is the m agnitude o f  the current. Since the im pedance is the ratio o f  voltage to 

current, a larger current at higher frequencies leads to a sm aller im pedance. A t zero 

frequency (DC), the current is zero since there is a non-conductor between the plates. As 

you approach zero frequency, current approaches zero and the im pedance, Z, becom es 

infinitely large. The impedance o f  a capacitor can be expressed as [5]:
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^ c a p a c i to r  — %re a l  " b /Z img

1
j a ) CY 2 n f C \

W here Zm,/ is the real part o f the im pedance and Z,mg is the imaginary part.

Since the im pedance o f  a capacitor varies w ith the inverse o f  the frequency, the 

Bode m agnitude plot for a pure capacitor is a straight line with a slope o f  -1 ,  and the 

Bode phase-angle plot is a horizontal line at -9 0 °. In the case o f a metal coated w ith an 

impervious coating and im mersed in an electrolyte, the m etal substrate form s one plate o f 

the capacitor and the conducting electrolyte form s the other plate. The im pervious 

coating separating the two is the dielectric o f  the capacitor. The capacitance can be 

calculated from the dim ensions o f  the capacitor, and the nature o f the m aterial separating 

the plates using [8]:

c  =  2-16
d

W here C  is the capacitance (F), A  is the plate area, e is the dielectric constant o f  material 

separating the plates, and d  is the thickness o f  the m aterial; e.(, is 8.85 x 10 '14 F/cm. For a

■j
5 pm  coating, capacitances can be on the order o f  ~1 nF/cm  [5].

An inductor, L,  is another passive circuit elem ent, traits o f w hich will be observed 

in this thesis. Unlike capacitors, the voltage leads the current in inductors, leading to a 

phase-angle o f  +90° in a Bode plot. The im pedance o f  an inductor is given by:
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in duc tor

=  0 +  j t o L 2-17

=  j c o L

Since the im pedance o f  an inductor varies linearly with frequency, the Bode 

m agnitude plot for a pure inductor is a straight line w ith a slope o f +1 on a log-log plot.

D uring the application o f  coatings, non-uniform  distribution o f  the coatings can 

cause surface roughness and internal inhom ogeneities, w hich can lead to inhom ogeneous 

distributions o f the current. In such cases, ideal capacitors are not able to m odel 

experim ental data, and EIS data are com m only m odelled using constant-phase elem ents 

(CPE) instead o f  pure capacitors [9].

A constant phase elem ent (CPE) is another passive circuit elem ent (not a resistor, 

capacitor or inductor). It can som etim es be view ed as a non-ideal capacitor, which 

represents a real-world inhom ogeneous system. The im pedance o f a CPE is given by [8]:

W hen the exponent, n,  is equal to 1, the CPE is equivalent to a perfect capacitor 

( Q  = Q ,  when it is zero it is equivalent to a resistor, and w hen it is -1 it is equivalent to 

an inductor. The phase angle o f  a CPE is constant, and is given by [8]:

A  CPE becom es a W arburg elem ent w hen ionic diffusion lim its the current flow. 

In this case, n  has a value o f  0.5. It is com m only used w hen the diffusion o f  species 

through the pores o f  the coating or corrosion products controls the corrosion rate

1

Z  Q ( j ( o ) n
2-18

—n n
<Pc p e  — 2-19
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producing a distinctive 45° tail in the low -frequency region o f  the N yquist plot [9], For 

real systems containing an im perfect layer o f  m aterial, n is usually betw een 0.5 and 1 [8].

D ifferent passive circuit elem ents can be com bined together in several w ays to 

develop equivalent circuits that are representative o f  the electrochem ical system under 

investigation. D ifferent equivalent electric circuits can be constructed from  elem ents in 

series, Figure 2-6, or in parallel, Figure 2-7, or from  com binations o f  series and parallel 

elements.

For this system, which consists o f  a resistor and capacitor in series, the im pedance is 

calculated as:

-\AAA  
Figure 2-6 A resistor and a capacitor in series

1
Z =  R  + 2-20

j a ) C

r v W i

Figure 2-7 A resistor and a capacitor in parallel

For a system which consists o f  a resistor and capacitor in parallel, the im pedance is 

calculated as:



R  R  Rco C
7  — --------------------------= __________________________ / _____________________  ? . ? ?

1 +  R j c o C  1 +  { R c o C ) 2 J 1 +  { R c o C ) 2

2.5. The Use of EIS to Study Barrier Coatings

Corrosion is an electrochem ical process. I f  the flow  o f electrons or ions is stopped, 

corrosion will be prevented. Therefore, the electrical properties o f  the coating are 

germane to the ability o f  the coating to be an effective protection from  corrosion; a good 

coating acts as a perfect electrical and chem ical barrier to protect the underlying 

substrate. It prevents any chem ical species in the environm ent from passing through to 

the vulnerable substrate [10], thus preventing electrochem ical corrosion. A ssum ing that 

the chem ical barrier properties o f the coatings are indeed related to the electrical barrier 

properties, EIS can be used to establish quantitatively the integrity and perform ance o f  a 

barrier coating.

A perfect barrier coating behaves like a perfect capacitor [8]. Charge builds up 

upon its surface but cannot pass through it. On the other hand, a bad barrier coating that 

contains surface defects such as scratches, cracks, holes or pores, becom es conductive 

when exposed to an aqueous medium, and allows chem ically  undesirable liquid or gas to 

access the vulnerable underlying surface.

The im pedance is m easured at different frequencies, and the system ’s response 

over the desired range o f  frequencies is monitored. A ny changes in the spectra {i . e. ,  Z reai, 

Z img ,|Z| a n d  cp), over time and in different chem ical conditions, are recorded and 

analysed in terms o f  underlying degradation m echanism s. The general trend for a 

degrading coating, as seen in Figure 2-8, is a continual decrease in the im pedance and a 

phase angle approaching 0° at higher frequencies. The data shown in Figure 2-8 were
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collected during this present investigation for a coated alum inum  sam ple exposed to 

1 M N aCl with a pH o f 8 for 160 hours.
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T i m e
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£
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T i m e
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t .
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Figure 2-8 EIS data for a coated aluminum sample exposed to 1M NaCl (pH 8) for 
160 hours. As penetration of the coating occurs, the impedance at low 
frequencies continuously drops, changing from a capacitor to a resistor 
at ever higher frequencies. The phase angle, originally -90° across the 
spectrum, increases from -90° to 0° at ever higher frequencies.

As mentioned earlier in section 2.4, the data can be fitted to equivalent circuit 

models to interpret and quantify the physical properties and efficacy o f  the coating, and 

can be used to model its deterioration with time. To use such a technique, the following 

guidelines m ust be met [11]:
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• All elements o f  the proposed circuit m ust have a clear physical m eaning and m ust be 

associated w ith physical properties o f  the system  that can generate this kind o f 

electrical response.

•  The error between the generated data and the experim ental data m ust be small (as 

defined by the user/m odeller) and not depend on external factors, such as the 

frequency. The equivalent electrical circuit has to be as simple as possible. I f  by 

elim inating an element, the error is still acceptable, then the circuit m ust be 

simplified.

One o f  the simplest equivalent circuits for m odeling an intact capacitive coating is 

the Randles circuit illustrated in Figure 2-9. This electrical circuit can be used to 

represent a coating or a corroding metal [5].

Rsol Cc

Figure 2-9 Schematic of the Randles circuit

This model consists o f  a resistor in series w ith a parallel RC. The resistor (RS0[) 

represents the solution resistance o f  the electrolyte in the electrochem ical cell. The 

capacitor (Cc) is the capacitance o f  the coating and the resistor (Rc) represents the 

resistance o f  ionic conduction paths that traverse the coating. This is som etim es referred 

to as pore resistance. Coating resistances can be quite high, greater than 10IU £2 cm2, for a 

good epoxy coating [12]. The total im pedance o f  this circuit is calculated as follows:

^ Ran dle s  Rso l  ^RC 2-23

W here the im pedance o f the parallel com ponents Z rc is given by equation 2-22.
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V n  R c R c (i)C
ZRan dles  =  R Sol +  ± +  ^ ^ 2  ~  J  1 +  ( /? c (u Cc ) 2 2 "2 4

W hile the im pedance o f  a resistor is constant, the im pedance o f  a capacitor is 

frequency dependent. As the frequency increases, the im pedance due to Cc decreases. At 

the high frequency region, the im pedance o f  the capacitor, at som e frequency, will 

becom e sm aller than Rsoi- Thus, the high frequency behavior o f  the Randles circuit is 

controlled alm ost entirely by R soi-

As the frequency decreases, the im pedance due to C c increases. Since Cc is in 

parallel w ith Rc, when the capacitor is small it can effectively rem ove the resistor from 

the circuit. Eventually, at some frequency, the im pedance o f  C c will be higher than Rc and 

the capacitor ultimately acts as an open circuit and is effectively rem oved from  the 

circuit. The im pedance o f the Randles circuit is then the com bined resistance values o f 

the two series resistors, RSOi and Rc. Thus, in both the high and low frequency regions, the 

Randles circuit behaves prim arily as a resistor, so that the im aginary com ponent is very 

small, the phase angle is close to 0°, and the im pedance does not change w ith frequency.

At intermediate frequencies, the capacitor’s im pedance is im portant and the cell 

acts like a capacitor. The im aginary com ponent becom es significant, the phase angle 

approaches -90° and the cell im pedance becom es linearly frequency dependent (on a log- 

log scale).

Generally, when a protective coating is first im m ersed in an electrolyte, the 

im pedance produced by the coating capacitance will be smaller than the solution 

resistance at the high frequency end, and greater than the pore or coating resistance at the 

low frequency end o f the spectrum. Over a large frequency range, the Bode impedance 

plot will be a straight line w ith a slope o f  -1 and the phase angle o f  the system  will be
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-90° as in Figure 2-10. The resistive behaviour o f  the Randles circuit at the extrem ities of 

the frequency spectrum  may or m ay not be observed in the Bode p lo t depending on the 

measuring capabilities o f  the EIS system  at hand.
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Figure 2-10 Simulated Bode plot for an intact coating represented with a Randles 
circuit with RSO|=10 12, Cc= l nF and Rc= l T12.

In a N yquist plot, a capacitive elem ent will appear as a vertical line. By 

introducing Rc and RSOi, the N yquist plot w ill start to draw a semi-circle as seen in Figure

2-11; the N yquist curve intercepts the real-axis at the value o f  Rsoi near the origin.
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Figure 2-11 Simulated Nyquist plot for an intact coating represented with a Randles 
circuit with RSOi=10 f l ,  Cc= l nF and Rc= l TH.

For some polym ers, but not all, at som e undefined tim e, the ionic species from the 

electrolyte can diffuse into the m icroporosity w ithin the polym er coating, resulting in a 

drop in the coating or pore resistance, so that a m easureable pore resistance now  comes 

into play. As shown in Figure 2-12, at the low end o f  the frequency spectrum , the 

im pedance plot is horizontal and the phase angle approaches 0°. A t this instant, the sem i

circle is more apparent in the N yquist plot, Figure 2-13; the Nyquist curve intercepts the 

real-axis at the value o f  Rsoi and Rc + R S0|.
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Figure 2-12 Simulated Bode plot for a coating with solution penetrating the pores 
represented with a Randles circuit with R SO|=10 £2, Cc=10 nF and 
Rc=100 M a .
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Figure 2-13 Simulated Nyquist plot for a coating with solution penetrating the pores 
represented with a Randles circuit with RSO|=10 £2, Cc=10 nF and 
Rc=100 M£2.
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As coatings degrade, they may show  an increasingly com plicated behaviour [13]. 

A model for a failed coating in which ions and solution com e into contact w ith the metal 

substrate is illustrated in Figure 2-14 [13],

In one o f the interpretations o f  this m odel, an assum ption is m ade that the coating 

has partially delam inated from the metal substrate and the delam inated area is filled w ith 

solution. This electrolyte solution can have very different chem istry than the bulk 

solution outside the coating. The interface betw een this pocket o f  solution and the bare 

metal is m odeled as a double layer capacitance, Cdi, in parallel w ith a kinetically 

controlled charge transfer reaction elem ent represented by the charge transfer resistance 

Rct. It is som etim es also represented as a polarization resistance R p, an element 

representing the resistive corrosion product layer on the metal plate [8]. Sim ulation o f  the 

electrical circuit in Figure 2-14 is shown in Figure 2-15 and Figure 2-16. In the N yquist 

plot, a second sem icircle starts to appear. The first sem icircle intercepts the real-axis, near 

the origin, at the value o f  the Rsoi and ends at a value o f  Rc + R soi, where the second 

semicircle starts. The second sem icircle ends at a value o f  R c + RSOi + Rct-

Rsoi Cc

Figure 2-14 Electrical circuit model for a failed coating.
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Figure 2-15 Simulated Bode plot for a coating with a freely corroding substrate 
represented by the circuit shown in Figure 2-14 with Rsor=10 ft, 
Cc=10 nF, Rc=100 kft, Cd,=100 nF and Rct= l M ft.
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Figure 2-16 Simulated Nyquist plot for a coating with a freely corroding substrate 
represented by the circuit shown in Figure 2-14 with Rsoi=10 ft, 
Cc=10 nF, Rc=100 kft, Cdl=100 nF and Rc,= l Mft.
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Rc, is inversely proportional to the corrosion rate. A typical charge transfer 

resistance for a bare metal is 5000 Q cm 2, and the value o f  Cdi is usually in the range o f 

10-40 pF/cm 2 [12]. This capacitance is much higher than C c (~ 1 nF/cm 2), so the Cdi o f 

even a small defect will be apparent in the EIS response. A defect, such as a scratch, that 

exposes only 0.005%  o f  the total sample area to the electrolyte has the same capacitance 

(20 pF/cm 2 * 0.005% = 1 nF/cm 2) as the entire intact area o f  the coating (1 nF). Note that 

Rc, and Cdi must be norm alized because they are electrode-area dependent [12].

W ith continued exposure to a corrosive m edium  and the substrate actively 

corroding, total failure o f the coating will surely happen. Figure 2-17 and Figure 2-18 show 

the Bode and Nyquist plots of a severely failed coating. In the Nyquist plot, the first 

semicircle intercepts the real-axis, near the origin, at the value o f  the Rsoi and ends at a 

value o f  R c + RSOi, where the second sem icircle starts. The second sem icircle ends at a 

value o f  R c + Rsoi + Rct-
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Figure 2-17 Simulated Bode plot for a severely damaged coating represented by the 
circuit shown in Figure 2-14 with RSOi=10 ft, Cc=10 nF, Rc= l kft, 
Cd,=l pF and Rct=10 kft.
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Figure 2-18 Simulated Nyquist plot for a severely damaged coating represented by 
the circuit shown in Figure 2-14 with Rsoi=10 ft, Cc=10 nF, Rc=l kft, 
Cdi=l pF and Rct=10 kft.
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2.6. Summary

A good coating is one which fully protects the underlying substrate material by 

preventing the flow o f  external dam aging species. EIS is a technique that m easures the 

impedance o f  an electrochem ical system, and by inference, it can m easure how  well the 

coating protects the substrate. A good protective barrier w ill have a capacitive Bode plot 

while a breached coating will have resistive traits at the low -frequency end o f  the EIS 

spectrum.

Even though equivalent circuit m odelling is extensively used to interpret EIS data, 

the physical m eaning o f  each com ponent in a circuit m odel is subject to debate. It is 

crucial that the m odeller is able to relate realistic circuit elem ents to real-w orld physical 

and chemical properties in the electrochem ical cell.

The simple m odels described above do not w ork in every case; section 3.5 

contains a literature review where many different circuit models are presented. It is 

im portant to always rem em ber that a model which gives an excellent fit to the data is not 

a good model unless it is a good representation o f  the real physical system.

Complex equivalent circuits were not used in detail to interpret EIS data in this 

thesis. Equivalent circuits may provide quantitative inform ation to differentiate between 

an intact coating and a breached coating but can have difficulties in providing 

quantitative inform ation on the corrosion occurring in the specimens. The aim o f  this 

study is to observe EIS data for protected and corroding samples and correlate the 

observations with processes occurring in the experim ental corrosion cells.
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Chapter 3. Literature Review

3.1. Introduction

This chapter provides a description o f  the chem istry, general corrosion and pitting 

corrosion o f  aluminum , and a review  o f  conventional and new  testing m ethods utilized to 

assess the efficacy o f protective coatings on metals.

3.2. Corrosion

Corrosion can be defined as the chem ical or electrochem ical reaction o f  a m etal w ith its 

environm ent leading to its deterioration [14]. W hen two dissim ilar electrical conductors 

(electrodes) are im mersed in an electrolyte, a galvanic cell is formed, in w hich chemical 

energy is converted into electrical energy. W ithin the electrolyte, current is carried by 

negative and positive carriers, called ions. The electrode at which positive current enters 

and chem ical reduction occurs is known as the cathode. The electrode at w hich positive 

electricity leaves and chemical oxidation occurs is know n as the anode. The anode is 

where the corrosion o f  metals occurs [14].

Pitting corrosion is a localized form  o f corrosion by which cavities or "holes" are 

produced in the material. Pitting is considered to be m ore dangerous than uniform  

corrosion dam age because it is more difficult to detect, predict and design against. 

Corrosion products often cover the pits. A small, narrow  pit with m inim al overall metal 

loss can lead to the failure o f  an entire engineering system [14].

Pitting corrosion is initiated by many factors, o f  which the m ain ones w ill be 

discussed. M etals such as aluminum , even when uncoated, have a protective oxide film 

on the surface (discussed later in section 3.3.1). Localized chem ical or mechanical
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dam age to the protective oxide film  can lead to pitting corrosion o f  the underlying metal. 

The poor application o f  a coating or localized dam age to a protective coating can leave 

the underlying substrate susceptible to localized attack and localized corrosion. A lso, the 

presence o f  non-uniform ities in the m etal structure o f the com ponent, e.g. metallic or 

non-m etallic inclusions can lead to pitting corrosion [14].

W hen the bare surface o f  a m etal becom es exposed to an aggressive aqueous 

solution, positively charged metal ions tend to pass from  the m etal into the solution, 

leaving electrons behind on the metal [15, 16].

M  - *  M n +  +  n e ~  3-1

The accum ulation o f  negative charge on the m etal due to the residual electrons 

leads to an increase in the potential difference between the metal and the solution. This 

potential difference is called the electrode potential, or sim ply, the potential o f  the metal, 

which in this case has becom e m ore negative. In acid solutions, electrons can react with 

hydrogen ions, adsorbed on the m etal surface from the solution, to produce hydrogen gas 

[16].

2 H + +  2 e ~  -» H 2 3-2

In neutral and alkaline solutions, the reaction to produce hydrogen gas is as

follows:

2H 2 0  +  2 e ~  -*  H 2 +  2 0 H ~  3-3

The occurrence o f  the above reactions perm its the continued passage o f  an 

equivalent quantity o f  m etal ions into solution, leading to corrosion o f  the metal. On the 

other hand, the hydrogen ions’ concentration can be too low to allow  the previous

reaction to occur at a significant rate, but electrons in the metal can preferentially react
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with oxygen molecules, adsorbed on the m etal surface from air dissolved in the solution, 

to produce hydroxyl ions [16]. In neutral or alkaline solutions the reaction is as follows:

0 2 +  2 H 2 0  +  4 e ~  -* 4 0 H ~  3-4

W hile in acidic solutions:

0 2 +  4 H + +  4 e “ 2 H 2 0  3-5

The process o f  oxidation involves a loss o f  electrons by the reacting species in 

accom panying anodic reactions. The process o f  reduction involves a gain in electrons in 

accom panying cathodic reactions. The metal dissolution reaction is the anodic reaction 

while the reduction o f  hydrogen ions and oxygen are the cathodic reactions [16]. Figure

3-1 illustrates pitting corrosion on an alum inum  sample; this was observed in the coated 

alum inum  sam ples discussed in Chapter 6 .

Cathode Cathode
2H,0+02+4e = 40R'2H20+02+4e = 40H AlfOHk

precipita

AlmFe, 
inclusion

A1 Cu 
inclusion

AI(OHUCI-y»"'">
can form

A l= Al+3 + 3 e /
Al*3 + m h^O /A I(O H )m(3 + ml-T 

Anode

Figure 3-1 Schematic representation of pitting corrosion of an aluminum sample 
[17].

During pit propagation the pH inside the pit decreases and becom es m ore acidic, and 

when a metal is in a salt water environm ent, the chloride ions will m igrate to the pit to
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balance the positive charge. Effectively a solution o f  hydrogen chloride is form ed which 

further corrodes the metal and accelerates pit propagation [18].

3.3. Chemistry and Corrosion of Aluminum

The following sections discuss the chem istry o f  alum inum , the environm ents corrosive to 

alum inum  metal and the m echanism s by w hich alum inum  corrodes.

3.3.1. Chemistry of Aluminum (Aluminum Oxide)

Alum inum  is an active metal and its resistance to corrosion depends on a layer o f  oxide, a 

few nanom eters thick, that forms on the surface. The conditions under w hich such a film 

is developed can be inferred from a Pourbaix diagram , which is a therm odynam ic 

equilibrium  diagram. To use a Pourbaix diagram , the pH o f  the solution is assum ed to be 

known and constant in the bulk and at the surface. Pourbaix diagram s are not 

significantly affected by changes in pressures but are relatively sensitive to tem perature 

changes [15]. Figure 3-2 dem onstrates the Pourbaix diagram  for A lum inum  at 25°C [16].
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Figure 3-2 Pourbaix diagram for aluminum in water at 25°C [15].

Lines ‘a ’ and ‘b ’ represent the stability lines for w ater as a function o f  pH and 

potential; they are present in all Pourbaix diagram s. For potentials above line ‘b ’, oxygen 

is evolved at the surface o f  an im m ersed electrode according to the h a lf  reaction:

1
H 20  - 0 2 +  W + +  2 e ~  3-6

Below line ‘a ’, hydrogen gas is evolved from the surface o f  an im mersed 

electrode according to the half reaction:

38



2 H + +  2 e ~  -+ H 2 3-7

Between lines ‘a ’ and ‘b ’ water is stable [15].

The vertical and horizontal lines (1 and 2) in the Pourbaix diagram  represent 

log(activity ') o f  the soluble species that exist at the boundaries between soluble and solid 

species. V ariation o f  the activity/concentration leads to several parallel lines. For most 

applications, when the logarithm (base 1 0 ) o f  the activity is less than -6 , the m etal can be 

considered im m une to corrosion [19].

As seen in the Pourbaix diagram, there are four different general regions: an 

im m unity region, a passivation region and tw o corrosion regions. In the im m unity region 

bounded above by lines 1 and 2 , a m etal is defined to be immune from  corrosion attack 

and generally safe to use. Line 1 represents the following equilibrium  reaction:

3 e ~ + A l 3 + ^ A l  3-8

And line 2 represents:

2 A l  +  4 H 2 0  ^  A l 2 0 3 H 2 0  +  6 e ~  +  6 H + 3-9

Corrosion o f  metals can be reduced w ith cathodic protection w hich brings the 

potential o f  a metal into the im m unity region by forcing a cathodic (negative) shift [16].

In the passivation region, above line 2 and between the vertical lines for soluble 

species in acid and alkali, a metal tends to becom e coated with an insoluble oxide or 

hydroxide that may form on the m etal surface. The form o f alum inum  oxide produced 

depends on the corrosion conditions; at lower tem peratures, alum inum  trihydroxide 

A l(O H )3 is produced [2], This layer m ay either be a porous deposit w hich only partially 

prevents contact between the metal and the environm ent, or m ay be a com pact and

1 Activity can be defined as the effective concentration, and is given by: a  =  yc  where a is the activity, y  is 
the activity coefficient and c is the concentration. For dilute solutions, y  approaches 1 [14],
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adherent film, effectively preventing all direct contact between the m etal and the 

environm ent [16].

In the third region, corrosion region, therm odynam ic calculations indicate that a 

metal is m ost stable as an ion in solution and the solid m etal is therefore susceptible to 

corrosion attack [14-16], A t low pH values, soluble Al3+ ions are form ed w hile at high 

pH values soluble AIO 2' ions are form ed according to the following equations [15]:

A l 2 0 3H 2 0  +  6 H + «-» 2 A l 3+ +  4 H 2 0  3-10

2 A 1 0 2 +  2 H 2 0  *-> A l 2 0 3 H 2 0  +  2 O H ~  3-11

It can be said, for example, that a stable oxide film only occurs w hen alum inum  is 

in the pH range o f  4 ~ 9. The point where soluble species are in equilibrium  w ith each 

other, but at extrem ely low  activity, corresponds to a pH o f  approxim ately 5 (line ‘c ’), 

where the oxide is m ost stable, and is represented by the following equation [15]:

A l 3+ +  2 H 2 0  «-» A 1 0 2 ~ +  A H + 3-12

If  an alum inum  sample is in the passive region as shown in the Pourbaix diagram, 

it does not corrode uniform ly b u t  i t  c a n  s t i l l  b e  s u s c e p t i b l e  t o  p i t t i n g  c o r r o s i o n .  In aerated 

solutions, oxygen reduction is the cathodic reaction, and halide ions, such as chloride 

ions, accelerate the corrosive anodic reactions. Corrosion w ill occur in the passive region 

if  the alum inum  sample is polarized to its pitting potential [15]. To further understand 

this phenom enon, one m ust first understand the polarization/Evans diagram . Pourbaix 

diagrams only present the therm odynam ic conditions for the metal sam ples, but attention 

must be paid to the kinetics o f  corrosion.

The polarization curve is typically presented with potential (V) on the vertical- 

axis, and current density (A/m m 2) on the horizontal-axis o f the plot, usually on a
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logarithm ic scale [14-16]. The potential-current density relationship o f  the metal under 

test can be determ ined by two main m ethods, galvanostatic (current control) and 

potentiodynam ic (voltage control) polarization.

In the galvanostatic m ethod, a fixed current is applied from  a constant-current 

pow er source connected between the w orking electrode and a counter electrode, and the 

change in potential induced in the w orking electrode by the passage o f  current is 

measured against the reference electrode [16].

In the potentiodynam ic method, the potential o f  the w orking electrode is 

controlled at a fixed value and the current is m onitored. W hen the area o f  the sample 

under investigation is taken into account, the ‘current density’ (A /m m  ) is m onitored as 

opposed to current (A). The potentiodynam ic m ethod has the advantage that it can follow 

more closely the behaviour o f  m etals during the form ation and breakdow n o f  passivating 

films, where the behaviour prim arily depends on the potential o f the metal, and very large 

changes in currents can occur at constant potential [16].

By the application o f  current/voltage, the potential o f  the metal surface is 

polarized. W hen the current is applied in a positive direction, it is said to be anodically 

polarized, and when applied in a negative direction, it is cathodically polarized. The 

degree o f  polarization is a measure o f  how  the rates o f  the anodic and the cathodic 

reactions are retarded by various environm ental and/or surface processes. Environm ental 

factors include concentration o f  metal ions, dissolved oxygen, pH, etc., in solution; and 

surface factors m ay include adsorption, film form ation, ease o f release o f  electrons, etc 

[ 16].
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The variation o f  current as a function o f  potential (a polarization curve) allow s the 

study o f  the effect o f  concentration and activation processes on the rate at w hich anodic 

or cathodic reactions can give up or accept electrons. Polarization m easurem ents can 

thereby determine the rate o f  the reactions that are involved in  the corrosion process -  the 

corrosion rate [14-16].

Figure 3-3 shows anodic and cathodic polarization curves that represent anodic 

and/or cathodic reactions. The relative values o f  the "slopes" o f the anodic or cathodic 

polarization curves determ ine whether anodic, cathodic, or both reactions control the rate 

o f  the corrosion process. These polarization/Evans diagram s are used extensively by 

corrosion scientists and engineers to evaluate the effect o f  various factors on corrosion 

rates [14-16].

I f  the anode and cathode are on the same m etal surface, then a current cannot be 

m easured unless the sites are well separated. The corrosion potential can be m easured 

against a convenient reference electrode [15].
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Figure 3-3 Schematic representation of typical polarization curves: (a) cathodic and 
anodic half-cell reactions demonstrating half-cell potentials en+/H2 and 
e \ i / , \ i + »  and half-cell exchange current densities i 0 ,H + /H 2  and i 0 ,M /M + .  These 
give a corrosion potential E c o r r  and corrosion current i COr r  with an 
overpotential of ec compared to the mixed-potential/equilibrium  
(corrosion) potential; (b) simulated experimental polarization curves 
derived from (a) [19].
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The cathodic and anodic currents are equal at the corrosion potential, Ecorr, where the 

current is equal to the corrosion current, icorr- If  the potential is shifted positively with 

respect to this equilibrium  value, the anodic reaction w ill accelerate, in the absence o f  

passivation. If  the shift from this equilibrium  is negative, the cathodic reaction will 

accelerate. Figure 3-3a shows the application o f  a cathodic current, iapp, w ith an 

overvoltage (negative) o f  e c .

The overvoltage o f  a h a l f - c e l l  r e a c t i o n  is the difference betw een the half-cell 

voltage (en+/H2 or eM/M+) and the applied voltage (E).

The overpotential or overvoltage o f  the m ixed-potential/equilibrium  (corrosion 

potential), is the difference between the corrosion potential (E corr) and the applied 

potential (E )  [19].

E c o r r - E  =  e c 3-13

The m easured current density, i, is proportional to the reaction rate and is 

com posed o f  an anodic current density ia and a cathodic current density ic. W hen 

is positive and there is a positive overpotential, and vice versa [2 0 ],

A corroding metal in a solution takes up a potential, the corrosion potential, such 

that the rate o f  the anodic reaction is equal to the rate o f  the cathodic reaction. I f  the 

potential o f  the corroding metal is displaced slightly from  the corrosion potential, Ecorr, 

either by galvanostatic or potentiodynam ic polarization, then the potential E is initially a 

linear function o f the current density i, the current per unit area. The potential-current 

density plot is approxim ately linear in a region o f  w ithin ± 10 mV o f  the corrosion 

potential. The slope o f the linear polarization curve dE/di is term ed the polarization
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resistance Rp. The polarization resistance is inversely proportional to the rate o f  corrosion 

expressed as the equivalent corrosion current density w ,  given by [16]:

_  B
l corr  D 

Bp

where B  is a constant.

As the displacem ent o f  the potential o f  the metal from  the corrosion potential is 

increased, the polarization curve increasingly deviates from the linear relationship 

between potential and current density until a region is reached when the potential exhibits 

a linear dependence on the logarithm  o f  the current density. This is the Tafel region o f  

Figure 3-3b. In the region o f  the corrosion potential, the relationship betw een the 

observed potential and current density i is given by [16]:

i
r] =  b  log —

<0

There are two such relationships: one w ith a positive slope for the anodic reaction 

and one with a negative slope for the cathodic reaction. These tw o lines cross at the 

corrosion potential where ec is zero. The overvoltage is rj. The term  i 0 is the exchange 

current density, a m easure o f  the electron exchange rate in the h a l f - c e l l  reaction at the 

open-circuit anode or open-circuit cathode (redox reactions) potentials. It is the current at 

the point where the Tafel line intercepts the half-cell voltage (see Figure 3-3b). The 

constant b  (V), nam ed the Tafel slope, is the slope o f  the polarization curve; this Tafel 

slope is related to the kinetics o f  the corrosion reaction. For the c a t h o d i c  reactions o f  

hydrogen-ion reduction or oxygen reduction, the value o f b  is generally about 

-120 m V/decade and for metal dissolution reactions from active surfaces { a n o d i c  

reactions), values o f  b  are generally in the range o f  30 mV to 70 mV [16].

45



M etals and alloys that exhibit passive behaviour display a very distinct evolution 

on the Evans diagram, as shown in Figure 3-4.

ip (pawdve current)

icc (critical currant)

—  Ecorr 
(corrosion potential)

Log (Current density)

Figure 3-4 Evans diagram for active-passive metals like aluminum [21].

As the potential is increased from  the corrosion potential (point A), the current 

density increases due to an increase in the rate o f  metal dissolution. The highest rate o f  

corrosion is achieved at a m axim um  current density know n as the critical passivation 

current density icc (point B). The potential corresponding to icc is called the prim ary 

passivation potential Epp. This voltage represents the transition o f  the metal from  an 

active state to a passive state, and defines the beginning o f  the form ation o f  an oxide film 

on the metal surface [14-16]. This passivation potential depends on the pH value o f  the 

solution and can also depend on the presence o f  anions, such as C f , w hich m ay favour or
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hinder passivation; the nature o f  the anions in solution plays an im portant role in the 

stability o f  the oxide film (see Figure 3-2) [14-16]. The value o f the critical passivation 

current density gives a measure o f  the ease o f  passivation; the smaller the current density, 

the easier is passivation [15, 16].

As a result o f  the form ation o f  an adherent oxide film causing passivity o f  the 

metal, the current density starts to decrease, by orders o f  m agnitude, until it reaches the 

Flade potential (Point C). At this potential, the current density becom es virtually 

independent o f  potential and rem ains virtually stationary and is called the passive current 

density ip. The Flade potential is generally close to the critical passivation potential and 

depends on the com position o f the solution. The passive current density w hich passes 

through the passivating film  is a m easure o f  the protectiveness o f the film. A t ip, the metal 

dissolution occurs at a constant rate and the dissolved film  is im m ediately replaced by a 

new film; a net balance is m aintained betw een the dissolution and film  reform ation [15, 

16].

As the potential o f  a metal in the passive state is increased, the passive current 

density does not change (curve CD). Eventually, the current density begins to rapidly 

increase w ith potential, point D. Such increase in current density m ay be attributed to 

localised breakdow n o f the oxide film  by anions, particularly chloride ions. This oxide 

breakdow n usually occurs at weak points, generally associated with a surface defect such 

as a discontinuity in the grain boundary, a dislocation or an inclusion in the m etal/oxide, 

leading to exposure o f  the underlying metal. W hen the bare m etal is exposed to the 

aggressive anions, it can dissolve, giving rise to an increase in the anodic current. 

Continued dissolution can lead to the form ation o f  pits [15, 16].
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The breakdown o f  the oxide by anions w ith the initiation o f  pitting occurs at a 

critical potential called the critical breakdow n or pitting potential Eb, and the current 

density then increases rapidly w ith potential, curve DE. The value o f  Eb depends on the 

ratio o f  inhibitive anions (which stabilise the passivating oxide film) and aggressive 

anions (which break down the oxide film). I f  the ratio o f  inhibitive to aggressive anions is 

sufficiently high, the breakdow n o f  the film  by the anions m ay be com pletely suppressed 

and no critical breakdow n potential is observed. As the ratio o f inhibitive to aggressive 

anions decreases, the breakdow n potential is observed to becom e m ore negative [15, 16].

Som etim es, depending on the com position o f  the solution, breakdow n o f  the film 

by aggressive anions does not occur in the passive region but rather at a higher potential, 

along FG, and oxidation o f the metal occurs to produce a soluble ion. This process is 

known as transpassive dissolution [15, 16]. A lternatively, curve FG m ay also be 

associated with increased current as w ater is oxidized and oxygen production occurs.

One o f  the strategies em ployed in the protection o f  m etals is the anodization 

process. An anodic potential is applied so that the sam ple is in the passive state (between 

B and C), and by choosing the right m edia and applied current, it is possible to grow  very 

thick oxide layers to protect the metal surface from  oxidation. This constitutes anodizing, 

a well used technique in the protection o f  alum inum  alloys [14-16].

3.3.2. Corrosive Environments

The presence o f  oxygen greatly affects the corrosion o f aluminum . In deaerated solutions, 

the corrosion is slower, while with the presence o f  oxygen, it is accelerated. In acid 

solutions; the higher the concentration o f  oxygen, the greater is the corrosion o f  the 

alum inum  [15]. Oxygen is an oxidizing agent, and the effect o f varying the activity o f
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oxidizing agents is shown in Figure 3-5. In this figure, a metal M is im m ersed in an 

electrolyte and curves 1 to 7 represent increasing oxidizer activity from  1 to  7 [19].

Initially, at 1, the metal is in the active region and corrodes at a rate corresponding 

to point A. As the activity o f  the oxidizer is increased from  1 to 3, the corresponding 

corrosion rate increases as well; point A to  C. In th is particular range o f  oxidizer activity, 

corrosion rate increases w ith increasing oxidizer activity [19].

By further increasing oxidizer activity, to  4, a rapid transition in corrosion 

potential from point D (active state) to point G (passive state). As oxidizer activity is 

increased from 4 to 5, the metal rem ains in the passive state and its corrosion rate rem ains 

low and constant. By increasing the oxidizer activity further, the transpassive region is 

reached, and corrosion rate rapidly increases; curves 6  and 7 [19].

By reducing oxidizer activity, for exam ple deaerating the electrolytes, the 

opposite happens. Assuming the system  is at an activity o f  7 to start w ith, the m etal will 

be corroding at point J. I f  the activity o f  the oxidizer is now  reduced, corrosion rate will 

decrease from point J to point I. Further reductions in the oxidizer activity will result in a 

system shift into the passive region; points H, G and F. By reducing the oxidizer activity 

down to curve 2, a transition from E to B occurs, and as it is further reduced to curve 1, 

the corrosion rate will decrease from point B to point A [19].

The path during oxidizer additions is A, B, C, D, G, H, I, J, and as the oxidizer is 

reduced, the path followed is J, I, H, G, F, E, B, A [19].

49



' 0 «

1

'O n

tog /

Figure 3-5 Effect of oxidizer concentration on the electrochemical behavior o f an 
active-passive metal [19].

H ydrogen and nitrogen gases have no effect on the corrosion o f  alum inum , while 

the presence o f  carbon dioxide m ight have a slight inhibiting effect on the corrosion o f  

A lum inum  in aqueous solutions [15],

A lum inum  corrodes in acidic and alkaline conditions. In acidic conditions, A l3+ 

ions are produced, w hile in alkaline conditions, AlCV ions are produced. A  few 

exceptions exist where the alum inum  m ight not corrode in acidic or alkaline conditions, 

the oxide layer may not be soluble, or the solution might have an oxidizing nature where
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the oxide film is maintained. In general, there is no specific relation betw een the pH and 

the rate o f  corrosion o f  alum inum  [15].

A lum inum  does not generally uniform ly corrode in fresh/distilled w ater even at 

elevated tem peratures [15]. On the acidic side, phosphoric acid in interm ediate 

concentrations has detrim ental effects on alum inum . Even dilute (<1% ) phosphoric acid 

solutions result in etching o f  the alum inum  surface. D ilute sulfuric acid solutions, ~10%  

in concentration, can lead to significant corrosion o f  alum inum . A queous solutions o f  

hydrofluoric, hydrochloric and hydrobrom ic acid solutions are also strongly corrosive to 

alum inum  at concentrations higher than 0.1%  [15].

On the higher range o f  the pH scale, solutions o f  sodium  hydroxide or potassium  

hydroxide are very detrim ental to alum inum  except at extrem ely low  concentrations, 

<0.01%. M ost inorganic salt solutions at or close to neutral pH cause negligible uniform  

corrosion o f  alum inum  at room tem perature, but such solutions cause localized corrosion; 

infamously, pitting corrosion [15].
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Figure 3-6 Schematic representation showing the relationship between pH of several 
solutions and the corresponding corrosion rate of aluminum [15].

3.3.3. Corrosion of Aluminum

A lum inum  and its alloys generally act as the anode in galvanic cells, w hich m eans that 

they may corrode sacrificially to protect other m ore noble metals to which they are 

coupled, w hether inadvertently (im purities and inclusions in the alum inum  itself) or 

deliberately. As stated earlier in section 3.3.1, the alum inum  is protected in the pH range 

o f  4~9 by its oxide, but, alum inum  may still corrode due to defects in this oxide film. 

Resistance to corrosion is greatly improved as the purity o f  alum inum  is increased, but 

even on the purest aluminum , the oxide film may still contain defects [15].

In pitting corrosion o f  alum inum , fine, w hite, gelatinous deposits o f  alum inum  

hydroxide often cover deep pits. Pitting corrosion is initiated at weak points o f  the oxide 

or hydroxide film [15]. In aerated solutions, the cathodic reaction is oxygen reduction, 

and the developm ent o f  such a reaction can be prevented or at least slow ed by the

tt--------- 1---------- 1-----------1-----------1------ r

a Acetic acid 
b Hydrochloric acid 
c  Hydrofluoric add 
d Nitric add
a Phosphoric add 
1 Sulfuric add
g Ammonium hydroxide 
h Sodium carbonate 
i Sodium <fcs*cate 
k Sodium hydroxide
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removal o f  the oxygen. In the absence o f  oxygen, the cathodic reactions can be 

insufficient to polarize alum inum  to its pitting potential [15] (see Figure 3-5).

Pitting corrosion o f  alum inum  generally occurs in four stages. Initially it occurs at 

the boundary o f  the passive film and the solution. A fter the penetration o f  the oxide film, 

processes occurring w ithin the passive film lead to a form ation o f  so-called m etastable 

(unstable) pits. These m etastable pits initiate and grow  for a short period o f  tim e below  

the critical pitting potential and then repassivate (an interm ediate step in pitting). Above 

the critical pitting potential, these unstable pits turn into stable pits, and continuous 

pitting occurs [2 2 ], to the detrim ent o f  the metal.

Figure 3-7 dem onstrates the potentiodynam ic scan o f  a sam ple, w ith the arrows 

showing the start and end points o f  the curve. Such plots can reveal the form ation o f  pits, 

observed as spikes on the curve. Ebd represents the breakdow n potential (also know n as 

the critical pitting potential) at which the surface oxide film  breaks dow n [20]. The 

m etastable pits are very small in size. They grow  and repassivate at in a very short 

am ount o f  time, as little as a few seconds [22], A fter the voltage is reduced, on the return 

path, the current density and corrosion rate stay high, until repassivation starts to occur, 

and the current density drops, leading to a new  higher corrosion potential at Erp.
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Figure 3-7 Sample polarization curve demonstrating the formation of pits [20].

The current density increases when m etastable pits first occur and begin to grow, 

and then after a short tim e decreases as the pit repassivates. M etastable pits can form 

several hundred m illivolts below the pitting potential (breakdow n potential). Generally, 

m etastable pitting events occur more frequently at potentials close to the pitting potential

[22], For pure alum inum  metal, the num ber o f  m etastable pits can increase for tw o main 

reasons: an increase o f  the anodic potential (up to the pitting potential), and w ith an 

increase in the concentration o f  chloride ions at a constant potential [2 2 ].
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It is generally accepted that a necessary condition for stable pit grow th is the

presence o f  a salt film at the p it’s bottom  [15]. These salt films are a result o f  high

dissolution rate w ithin the pit and the consequent acidification o f the solution. There are 

tw o types o f  possible pit salts, alum inum  chloride (AICI3), and alum inum  oxychlorides 

(A l(O H)2Cl and A l(O H )Cl2). The chloride salt film s are stable only in a highly acidic 

solution, pH  ~1 for AICI3 [15].

The pitting m echanism  o f alum inum  in the presence o f  chloride ions can be 

sum m arized as [15]:

•  C1‘ adsorption in m icro-flaws o f  the oxide film;

•  Slow oxygen reduction at the cathodic sites;

•  Dielectric breakdow n o f  the oxide film;

•  Fast oxidation o f bare alum inum  producing soluble chloride and oxychloride 

com plexes at the bottom  o f the flaws or pits;

• D issolution o f  chloride com plexes or repassivation o f  pits;

•  Propagation o f  the m icro-pits (formed in the previous step);

• H ydrolysis o f  soluble chlorides/oxychlorides resulting in acidification o f  the 

solution w ithin the pits;

•  H ydroxide dissolution inside pits and precipitation o f  aluminum hydroxide 

outside pits (in neutral solution) resulting in the form ation o f  tree-like 

accum ulations o f  corrosion products at the m ouths o f  the pits;

•  A lum inum  corrosion inside the pits due to the aggressive hydrochloric acid 

solutions;
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•  Possible repassivation and pit death (the chloride/oxychloride film  is dissolved 

and replaced by a passive oxide film).

Some o f the micro-pits repassivate, while some propagate to larger pits [14-16]. 

During the process o f  alum inum  corrosion, some o f  the anodic reactions are [15, 16]:

A l  - *  A l s +  +  3 e ~  3-14

A l 3+ +  3 H 2 0  - *  A l ( O H ) 3 +  3 H + 3-15

In neutral solution, the consum ption o f  hydroxide ions at anodic sites can make 

the pH more acidic. This can be accom panied by the m igration o f  chloride ions, which 

facilitate the anodic reactions, form ing soluble alum inum  chlorides, w hich in turn give 

hydroxides and acids by hydrolysis.

A l C l 3 +  3 H 2 0  -» A l ( O H ) 3 +  3 H C I  3-16

Cathodic sites are frequently more alkaline because o f  the consum ption o f  acid 

and formation o f  hydroxides locally. The reactions taking place at the cathode depend on 

the pH and oxygen concentration and are [15, 16]:

3 H + +  3 e ~  - > ^ H 2 3-17
2 2

3 3
■7 0 2 + t ; H 2 0  +  3 e ~  - * 3 0 H ~  3-18
4 2 2 2

3 H 2 0  +  3 e ~  -» ^ H 2 4- 3 0 H ~  3-19

3.4. Conventional Testing Methods

Several tests and standards have been created for the corrosion testing o f  metals. Cabinet 

tests are one o f  the oldest techniques, used since the 1900’s for the evaluation o f  coatings 

against corrosion. They were also used as m eans for perform ing accelerated corrosion
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testing. As the nam e suggests, these tests are perform ed in a cham ber, or cabinet, where a 

corrosive environm ent is simulated. Some com m on corrosive environm ents produced in a 

test cham ber are salt fog, hum idity, hot and cold tem peratures, ultraviolet exposure, and 

corrosive gases. These environm ents may be used individually or in com bination with 

each other. W ith technology, these tests have evolved from  hom e-m ade cabinets that 

operated at fixed tem peratures and hum idity, to com plex com puter controlled tests with 

varying service conditions. There have also been advancem ents in the size o f  the cabinets 

to accommodate various samples. They have evolved from bench-top cabinets to walk-in 

and even drive-in cham bers [23, 24],

Salt-Spray (FOG) Tests are the most com m on type o f  cabinet tests. In this 

procedure, the samples are exposed to a fog w hich is produced by air atom izing o f 

sodium chloride solution, while controlling the cabinet tem perature. Salt-spray tests have 

a w idespread use in m any industries including but not lim ited to autom otive, aerospace, 

paints and coatings. These tests can be perform ed as standalone tests or in conjunction 

with other tests. The duration o f  these tests can be up to  5000 hours, during w hich the 

cham ber has to be closed for the duration, excepting occasions when sam ples need to be 

rotated or visual inspected.

The results o f  the FOG tests are usually interpreted based on visual inspection o f 

the failure o f  the coatings, or based on the total mass loss o f  the sample. N ot infrequently, 

such tests have been m isapplied and misused. Som etim es there is no clear correlation 

between salt-spray tests and failures in the natural environm ent. Strictly, these tests 

cannot be used as quantitative indicators o f  corrosion, but can be useful in controlling the 

quality o f  a coating process. After a sample is prepared, it is exposed in a FOG cham ber,
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and if  the sample does not survive a certain num ber o f  hours in the cham ber, it can 

provide an indication that the coating process o f the sam ple m ight not have been done 

properly [23, 24]. U nfortunately, the correlation betw een survival durations in salt spray 

tests and the life expectancy o f  coatings is often weak [25, 26].

The standard FOG tests have other variations designed for different materials. 

Certain alum inum  alloys, when exposed to marine atmospheres, develop surface blisters 

followed by metal delam ination: exfoliation. Cyclic acidified salt-fog tests are used for 

exfoliation testing. In these experim ents, 5% sodium  chloride solutions, adjusted to pH 

values between 2.8 and 3.0 w ith the use o f  acetic acid, are utilized. A nother variation o f  

this test is the acidified synthetic-seaw ater (FOG) test. Instead o f  5% sodium chloride 

solution, a synthetic seawater solution w ith pH  adjusted to values betw een 2.8 and 3 is 

used. M any other variations o f  the FO G  tests exist, often applicable to m aterials other 

than alum inum  [23].

Hum idity tests are categorized into either controlled hum idity tests w hich target a 

specific relative humidity, or high hum idity tests which are conducted at high hum idity 

ranges, typically in excess o f  95%. In the hum idity range o f 70% to 95%, filiform 

corrosion, identified by thread like strands, is formed under finishes such as powder- 

clear-coated aluminum . Testing for filiform  corrosion is initiated w ith salt spray exposure 

for 6 h followed by exposure to 70-90%  hum idity. V isual observations are used to 

evaluate all the aforem entioned tests [23].

As m entioned earlier in section 3.3.3, polarization methods can be used to assess 

alum inum  corrosion. The Ford anodized alum inum  corrosion test (FA CT) involves the 

cathodic polarization o f the anodized alum inum  surface with the use o f  a small,
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cylindrical, glass clam p-on cell. A 5 % N aC l solution containing cupric chloride (CuCE) 

and acidified with acetic acid is used as the electrolyte, and a voltage is applied across the 

cell by using a platinum  auxiliary electrode. The cathodic polarization creates alkaline 

conditions which prom ote dissolution at small defects in the anodized alum inum . The cell 

voltage is m onitored for 3 min and the cell voltage over tim e is recorded. A fter extensive 

testing, it has been found that some alum inum  alloys failed the test but still performed 

well in service and hence this standard has been w ithdraw n [23].

The cathodic breakdown test, a sim ilar test, involves cathodic polarization to 

-1.6 V versus saturated calomel electrode (SCE) for a period o f 3 min, in acidified NaCl 

solution, and the cell voltage over time is recorded. This test w as also designed for 

anodized alum inum  alloys. Similarly, the alkali created at the large applied currents will 

prom ote the form ation o f  corrosion spots at defects in the anodized film  as in the 

previous test [23],

A nother test method for anodized alum inum  is the Single Frequency Impedance 

Test. This m ethod uses a 1 V and 1 kHz signal to determine the im pedance o f  sealed 

(post-anodizing treatm ent) anodized alum inum . The sample is im m ersed in 3.5 % N aC l

[23],

Electrochemical noise (EN) m ethods have also been explored as a m ethod to 

analyze the degradation o f  polym er-coated m etals [23], and this has been in practice since 

the 1970’s [25]. The spontaneous potential and current fluctuations (noise) that occur in 

electrochemical systems are monitored as a function o f  time [27]. This technique does not 

pose artificial disturbance to the system, data collection is simple and the instrum entation 

is o f  low cost, which gives it a great advantage. Besides the direct analysis o f  the shape,

59



the size and the distribution o f  the noise current and noise potential transients in the time 

domain, three different main approaches have been proposed for the data analysis o f  the 

electrochem ical noise technique: statistical, spectral and chaos-theory-based m ethods 

[25]. These m ethods will not be explored as they are beyond the scope o f  this thesis. 

A lthough, in principle, inform ation about both the rate and the m echanism  o f  the 

corrosion process can be extracted [27], this is not easy. The main difficulty  w hich has 

driven m any researchers away from EN m ethod is the considerable difficulty faced in 

data interpretation [25].

3.5. Conventional EIS Studies of Coatings

EIS can provide inform ation concerning w ater uptake in coatings, changes in the resistive 

properties o f  the polym er layer(s), developm ent o f  coating delam ination, and initiation 

and propagation o f  corrosion at the m etal/coating interface [25].

The most popular method to analyze EIS data is by fitting the spectra to an 

appropriate equivalent circuit (EC) [28-34]. The com ponents o f  the circuit and their 

experim ental values can be related to physical features.

It has been established, in m any papers [26,35-41], that in EIS studies o f  coatings,

8  2  • data showing capacitive behaviour and high im pedances ( > 1 0  Q cm ) at low  frequencies

(<1 Hz), dem onstrate good protective coatings. These high im pedances can som etim es be

difficult to measure. It has also been concluded that poor or dam aged coatings display

resistive traits with lower im pedance values ( < 1 0  Q  cm ) in the low er frequency range

(<1 Hz).

Four general models, Figure 3-8, have been created and have been generally used 

by researchers to model EIS data [9,29-34],
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Figure 3-8 Circuits used to model EIS data of coatings on metals: (a) intact coating;
(b) damaged coating where the electrolyte can reach the metal surface;
(c) using constant-phase elements (CPE) instead of pure capacitors to 
model non-uniform distribution of the coatings and surface roughness;
(d) addition of a W arburg element to model the impedance associated 
with diffusion and mass transfer processes [9].

Figure 3-8a represents an intact coating [9], It consists o f  an equivalent circuit 

com posed o f  a capacitor Ccoat representing the capacitance o f  the coating, in parallel with
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Rcoat corresponding to the resistance o f  the coating, in series with Rs corresponding to the 

resistance o f  the electrolyte/solution.

W hen the coating is dam aged and the electrolyte can reach the m etal surface, the 

shape o f  the Bode and N yquist plots change, and the electrical equivalent circuit 

com m only used to model its behaviour is the one shown in Figure 3 -8 b. In this circuit, 

Ccoat and R s have the same meaning as above, w hile Rp0 models the resistance o f 

ionically conducting paths through the coating; C dl m odels the double-layer capacitance 

on the metal surface, and Rp m odels the effective resistance o f the corrosion process at 

the m etal-electrolyte interface [9].

D uring the application o f  coatings, non-uniform  distribution o f  the coatings and 

surface roughness lead to inhom ogeneous distributions o f the current. In such cases, ideal 

capacitors are not able to model experim ental data, and EIS data are com m only modelled 

using constant-phase elem ents (CPE) instead o f  pure capacitors (Figure 3-8c) [9].

The circuit in Figure 3-8d includes a W arburg elem ent. W arburg im pedance is an 

elem ent that m odels the im pedance associated with diffusion and m ass transfer processes. 

It is com m only used w hen the rate o f  diffusion o f  species through the pores o f  the coating 

or through corrosion products controls the corrosion rate, producing a distinctive 45° tail 

in the low-frequency region o f  the N yquist plot (Figure 3-10). This has been reported 

extensively in previous research papers [28, 37, 42, 43],

EIS data for the aforem entioned circuits have been sim ulated and plotted, 

Figure 3-9. It can be seen from the graph, that these circuits produce data that very 

closely m atch typical EIS experim ental data for coatings, Figure 2-8.
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Figure 3-9 Simulated Bode plot using circuits represented in Figure 3-8 [9]. Note the 
increase in complexity in the plot with sample damage.

63



- • o o

 Intact coating
 Damaged coat ng
 Damaged coat ng (CPF)
 Diffusion (W arburg)

-80

Fu

N

-20

20 40 80 IOC60

Z ‘ l MSI c i r ’

-100

-80

60

S' -40

-20

10C40

Z ' i  fct) cm"’

Figure 3-10 Simulated Nyquist plot using circuits represented in Figure 3-8 [9J. Note 
the appearance o f a second semicircle with the sample damage.

The circuits shown are simplified m odels that, in m any cases, can help to explain 

the experimental results. In m any other cases, the EIS data are m ore com plicated, and 

other more sophisticated electrical circuits have been proposed, such as additional R -C  

sub-circuits [28, 29]; or several R -C  circuits in parallel, m odelling different areas o f  a
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multilayer coating, which are not easy to interpret. In this situation, the circuit elem ents 

may not be easily correlated to real physical or chem ical properties.

3.6. Previous Studies on Aluminum Food/Beverage Containers

Current test m ethods for the evaluation o f  coated alum inum  food cans have various 

shortcomings. A n industry standard tw o-year pack-test, where coated m etal containers 

are filled w ith electrolytes and stored for two years, is subjective because it relies on 

visual exam ination. Other m ethods such as accelerating the corrosion by using acidic 

solutions or applying a voltage are not food product specific, but these do reveal 

weaknesses or potential failure areas in the coatings [30].

In one o f  the studies, several alum inum  food cans w ere in storage for tw o years, 

after which EIS was used to evaluate the different can coatings. D escribed below  are 

three methods used to evaluate the coatings: low  frequency im pedance (at 0.04 Hz), 

break-point frequency (cp= 45°) and percent ideal behavior [30].

The first method assum es a sim plified Randles circuit, Figure 2-9, which has been 

extensively used in organic coatings evaluation. The low  frequency im pedance (at 

0.04 Hz) is approxim ately equal to the sum o f  the solution resistance, the coating 

resistance and the charge transfer resistance, and has been found to correlate w ith visually 

observable coating degradation.

The second method, the break-point frequency is also based on the use o f  a 

Randles circuit. It is identified when the phase angle o f  the system reaches -45°, i.e., half 

way between restive and capacitive behaviour. In the m odified Randles circuit, Figure 

2-14, there are two break-point frequencies: the points where c a p a c i t i v e  to  r e s i s t i v e  

t r a n s i t i o n s  o c c u r , Figure 3-11.
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Figure 3-11 Schematic representation of a Bode plot showing the break-point 
frequencies.

The higher break-point frequency (fb high) occurs at a point where the resistive part 

o f  the im pedance is equal to the pore resistance plus the solution resistance, w hile at the 

lower break-point frequency (fb iow), the resistive part o f  the impedance is equal to the 

charge transfer resistance plus the pore resistance and solution resistance. The term  fb high 

corresponds to changes in the coating characteristics, w hile fb [0W is related to the metal 

interface, coating and electrolyte. The higher break-point frequency is not always 

measurable and so the low  break-point frequency is used. A n increase in fb (high and/or
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low) over tim e typically means a decrease in the specific resistance o f  the coating, or an 

increase in the delam inated area ratio [9,29-34,46],

In the third method, the ‘percent ideal’ is the ratio o f  the area under the Bode 

curve to the area under the ideal, purely capacitive curve as shown in Figure 3-12 [30], 

The advantage o f  the third method is that data from the entire frequency range is used, 

w hereas in the first tw o methods, only a small portion o f  the spectrum  is used.
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Figure 3-12 Bode plot representing the % ideal method used to represent EIS data
[30].

All three methods m entioned above can be used to rank the coating performances. 

The first method, low -frequency im pedance is the easiest to use since it is easily 

obtainable from the Bode plot. The second method, break point frequency, is not always 

easily or accurately obtainable [30].
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In another two-part study [31, 32], the aim w as to develop EIS as a m ethod for 

quantifying coatings on Al beverage containers. The focus o f part 1 was to find a 

param eter that could be obtained quickly to evaluate perform ance o f  coated Al. In part 2, 

this param eter was used in a statistical study to evaluate m ultiple sam ples w ith different 

coatings.

The im pedance response o f  uncoated Al w as com pared with that o f  coated Al 

samples (with varying coating thickness) w ith and w ithout an intentional defect. This 

initial assessm ent enabled differentiation betw een the part o f  the EIS spectrum  associated 

w ith the coating and that associated w ith the solution-oxide-m etal interface.

The defect was a 0.1 mm diam eter scribe on the surface o f  a coated alum inum  

sample. Before the defect, the EIS spectra w ere purely capacitive. A fter producing the 

defect, im pedance values below  10 H z decreased with tim e and m ore the phase angle 

plots were observed to increase in com plexity [31] (Figure 3-13).

dated) 
j* 2 mir» (afterdated)
t«Sh 
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t = 96h 
t *  1 9 3  h

10“2 10_1 10° 10 l 102 103 104 10s 10"* 10"* 10° 101 102 10s 104 10s
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Figure 3-13 Impedance spectra for coated aluminum before and after introducing a 
defect [31].
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By com paring the phase plots in Figure 3-14, the high frequency (102 H z -103 Hz) 

is believed to contain inform ation about the coating, Cc and R p0re, and the low  frequency 

(~5 Hz), contains inform ation on the alum inum  oxide and the metal surface interactions

-9 0
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— Uncoated-8 0

-7 0

c ~ 5 0
JB -4 0
O)

<  -3 0

-2 0

- 1 0

52 30 1I- 2

Frequency (Hz)

Figure 3-14 Bode phase-angle plots for uncoated and coated (with defect at 193h) 
aluminum [31]. Note the appearance of positive phase angles at the low 
end of the frequency spectrum which is discussed in section 5.3 and 
chapter 6.

EIS spectra for coated and uncoated alum inum  samples were also collected at 

several DC polarization potentials. For the sam ples held at a potential in the transition 

region between active and passive ranges, there was scatter in the results and positive
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phase angles at frequencies below 1 Hz. This scatter was attributed to current fluctuations 

caused by m etastable pits forming due to the applied DC voltage.

The proposed model for the corroding coated Al m etal is show n in Figure 3-15

[31].

- v w Hl
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A A A r
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—►

Figure 3-15 Circuit model proposed to represent coated aluminum in chloride 
containing aqueous media [31].

By fitting data to the model, Cc values were obtained and plotted against time. 

There was no direct correlation between the perform ance o f  the coatings, after 5 months 

o f  exposure, and the calculated C c values. Changes in this param eter only occurred when

70



degradation was severe, such as in the case o f  the sam ple with intentional defect, and 

there was still no correlation between visual observations and changes in Cc. Therefore, 

Cc was not a good measure o f  coating perform ance [31].

In a sim ilar manner, EIS data were fitted to the m odel in Figure 3-15 and R pore 

values were estim ated and plotted against time. Changes in R pore, over a few days, were 

consistent w ith visual changes observed after 5 m onths o f  exposure. On the downside, 

such a technique would be tim e consum ing and hard to execute for a large sample 

population.

To overcom e this obstacle, the low  frequency im pedance, at 0.05 Hz, was used to 

rank coatings. The im pedance at this frequency included the response o f  the coating and 

response o f  the oxide. A lthough its value did not give inform ation about the details o f 

coating degradation mechanisms, it is easily obtainable and most im portantly it agreed 

well w ith visible corrosion observed after a 5 m onth period o f  exposure [31].

3.7. Localized EIS Techniques

Conventional electrochem ical techniques do not provide quantitative inform ation on the 

delam ination o f  polym eric coatings from  m etallic substrates, and they cannot provide 

inform ation from a local area. It is particularly difficult to analyze the delam ination o f 

organic coatings in the presence o f  defects. Conventional electrochem ical im pedance 

spectroscopy provides little inform ation on the shape and the extent o f  the delam inated 

area [33].

The principles o f localized electrochem ical im pedance spectroscopy (LEIS) are 

sim ilar to those em ployed in traditional bulk EIS, in that a small sinusoidal voltage 

perturbation is applied to a w orking electrode sample and the resulting current is



m easured to allow  the calculation o f  the im pedance. However, rather than m easure the 

bulk current, a small electrochem ical probe is scanned close to the surface, m easuring the 

local current in the electrolyte [25].

For the study o f  defects existing in coatings, scanning electrode techniques are 

increasingly being used due to their ability to provide inform ation w ith spatial resolution. 

N ovel inform ation concerning the electrochem ical and degradation processes at defects in 

coated m etals is being obtained w ith the scanning vibrating electrode technique (SVET), 

the scanning K elvin-probe (SKP) m ethod, localized electrochem ical im pedance 

spectroscopy (LEIS), and scanning electrochem ical m icroscopy (SECM ) [25,50-55]. 

They are able to provide map-like surface contour diagram s dem onstrating the variations 

o f  potentials, im pedance or current on the surface, for a specific frequency. Practically, 

this can only be done for a small area, and is not readily useable for sam ples that size o f 

aluminum cans.

Such techniques m ight be useful to find surface variations or defects, for exam ple 

before and after im m ersion, but they have m any disadvantages: too m any variables; they 

are expensive; they are tim e consum ing [50-55]. A technique that exam ines larger sample 

areas is preferable. O wing to their draw backs, localised EIS techniques have not been 

used in the current research.

3.8. Fluorescent Coatings

It is appropriate to m ention a new tool being used to indicate corrosion o f  coated metals, 

although we have not em ployed this technique in our present work. Besides serving as a 

protective barrier, organic coatings can also be em ployed to serve as a corrosion sensor 

by incorporating indicator m olecules into coating form ulations. Due to interactions o f
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indicator molecules with ions generated during corrosion, the onset o f  corrosion can be 

detected by a change in color or fluorescence o f  the indicator m olecules. This sensing 

method is both non-destructive and in-situ [18].

By using acid-base indicators which change their color or fluorescence depending 

on pH, detection o f  the localized pH changes at anodic and cathodic sites o f  corrosion is 

possible for alum inum  samples. Such indicators are usually weak organic acids or bases 

and their dissociated form has a different color or fluorescence than their un-dissociated 

form.

In a study [18], an alum inum  corrosion-sensing coating was prepared, and w hen 

the sample started to corrode, a color change w as indicated by a color change in the 

coating. A lthough the pH -sensing approach seem ed to w ork well in clear acrylic and 

polyurethane coating system s, it has proven to be challenging in epoxy coatings due to 

the reactivity o f its com ponents. In an attem pt to use pH-sensitive m olecules in an epoxy

prim er coating applied onto an alum inum  plate, the indicator becam e prem aturely 

fluorescent. This phenom enon can be ascribed to the prem ature chem ical reaction 

between the indicator and one o f  the coating precursors; thus, it would be very difficult to 

use the acid-base indicator approach in epoxy-based coatings for corrosion detection 

[18].

An ideal corrosion indicator for alum inum  would not possess any functional 

groups that could be ionized and would not react w ith the epoxy com ponents in such a 

way as to alter their fluorescent properties. It w ould also preferably em ploy a “turn-on” 

fluorescence w hich m eans that the initially non-fluorescent indicator w ould becom e 

highly fluorescent at the onset o f  corrosion, before any obvious sign o f  m etal corrosion.
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FD1, a new molecule, has proven to be a successful corrosion indicator for 

alum inum  alloys [18]. It is able to sense localized decreases in pH at the anodic site o f 

corrosion in epoxy coatings. The onset o f  pitting corrosion w as easily and non- 

destructively detected by simply shining a handheld UV lam p on the alum inum  panels 

coated w ith the FD1-containing epoxy coating [18].

Figure 3-16 shows im ages o f  an alum inum  sam ple coated w ith  a F D 1-containing 

clear epoxy coating, w hich changes color after exposure to 3.5% N aCl solution. This 

approach is easier to observe and is m uch m ore useful and practical since it is easier to 

detect small areas that fluoresce (against a background that does not) than to observe a 

slight decrease in overall fluorescence [18].

( b )  3  d a y s  in  N a fQ

Figure 3-16 Images of an aluminum sample coated with a FD l-containing clear 
epoxy coating after (a) 2 days and (b) 3 days of exposure to 3.5% NaCl 
solution. Top row: digital camera images taken through the microscope 
eyepiece under UV light. Bottom row: images of the same area taken 
through the microscope eyepiece under natural light [18].
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3.9. Summary

For the evaluation o f  m etal coatings, a variety o f  m ethods have been utilized. The use o f 

conventional testing methods is very tim e consum ing and only provides qualitative or 

sem i-quantitative data. It has been shown that there is no direct correlation betw een such 

methods and corrosion detection; they m easure the quality o f  coating application 

techniques more so than the perform ance o f  the coatings themselves.

Electrochem ical im pedance spectroscopy is one o f  the many techniques used for 

evaluating metal coatings. EIS data are com plex. For interpreting such data, param eters 

such as break-point frequency, low -frequency im pedance and coating capacitance (Cc) 

have been used. Such param eters can only serve to distinguish betw een intact and 

penetrated coatings; they provide no inform ation on the onset o f  corrosion or the 

corrosion process o f  samples. However, in one o f  the studies, it w as concluded that 

changes in Rpore over 8 days can be associated w ith corrosion that is visible after 5 

m onths, thereby providing an early detection method.

Equivalent circuit analysis has also been used to interpret EIS data, but this 

technique can require very com plex m odels which som etim es have no physical meaning.

Recently, localized EIS techniques have been developed. Such techniques are 

com plicated and expensive when com pared to the conventional EIS m ethod. They could 

only serve to provide inform ation on small specific areas o f  the sam ples, and perhaps 

only at specific frequencies. For doing assessm ents o f  large samples, localised techniques 

are impractical.

The aim o f  this research is to provide a rapid perform ance evaluation m ethod for 

both existing and new coatings, used to protect alum inum  containers. N one o f  the
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aforem entioned testing methods provide any signatures o f  corrosion or easily obtainable 

methods for early detection o f  the onset o f  corrosion. It is apparent, however, that EIS has 

not been fully explored in the area o f  testing food and beverage containers. The current 

research provides indications and inform ation that has not been previously used to test 

these containers. From EIS and polarization data, early signatures o f  corrosion w ill be 

recorded and used as an early detection m ethod for a quick and com prehensive evaluation 

o f  coatings.
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Chapter 4. Experimental Setup and Equipment Used

4.1. Introduction

This chapter provides the details o f  the experim ental procedure follow ed and all the 

equipm ent used for the collection o f  EIS and potentiodynam ic data. This includes the 

different potentiostats, the softwares used, as well as the different electrochem ical cells.

4.2. Coated Aluminum Samples

Coated alum inum  sam ples were received as flat sheet panels and converted can ends. The 

formulation o f the coatings was not provided as it is proprietary. C onverted can ends, 

with two different coatings were available for testing; they w ere labelled as coating 1 and 

coating 2. All the flat sheet panels had coating 1 applied to the surface. The difference 

between the coatings is that coating 1 is epoxy-free w hile coating 2 is not. The alum inum  

samples are coated on both sides, the beverage side (interior coating, ~8 m icrons thick) 

and the public side (exterior coating, - 4  m icrons thick).

4.3. Experimental Procedure

During service, the interior coating o f  the alum inum  sam ples is exposed to deaerated 

acidic solutions w ith an approxim ate pH o f 3. As explained in section 3.3.1, the 

aluminum oxide is stable in the pH region o f  4 -9 . The lower the oxygen content, the 

slower is the corrosion rate [15].

It was im portant to explore the effects o f  varying the pH and oxygen content on 

the perform ance o f  the coated alum inum  samples. This w as achieved w ith the use o f 

aerated and deaerated solutions. EIS scans w ere continuously recorded until sample
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failure. In some cases experim ents ran for as long as 2500 hours. All EIS experim ents 

were perform ed with an AC excitation voltage o f  20 mV w ith  the exception o f  the very 

high-im pedance polym er experim ents w hich w ere run w ith an AC voltage o f  100 mV. 

All potentiodynam ic data were collected at a scan rate o f  10 m V/s [34],

Sodium chloride solutions (M SD S# 7560-1, CAS# 7647-14-5) and hydrochloric 

acid solutions (UN# 1789, CAS# 7647-01-0) were utilized for the testing o f  the coated 

alum inum  samples since they cause rapid corrosion and pitting o f  alum inum  when the 

protective lacquer coating is breached; discussed in section 3.3.1. The coated samples 

were investigated under the following conditions:

•  A erated 1 M NaCl (pH 8);

•  Aerated 0.1 M N aCl (pH 8);

•  Aerated HC1 (pH 0.1);

•  Aerated HC1 (pH 2.6);

• Deaerated 1 M N aC l (using dry ice);

• Deaerated 1 M N aCl (using N 2 gas);

•  Deaerated 1 M HC1 (using dry ice).

U nder each o f the aforem entioned conditions, for the verification o f  the results, 

experim ents were perform ed several times. The pH o f  the solutions was m easured before 

and after deaeration w ith the use o f  ‘O rion 2 Star’ bench-top pH meter. It w as found that 

deaerating the solutions did not change the pH. Besides recording EIS data, im ages o f 

intact and dam aged samples were produced with the use o f  a ‘JEO L-JSM 840’ scanning 

electron m icroscope (SEM ) for com parison purposes.
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4.4. Data Acquisition Systems

Initially, two instrum ents were used for the gathering o f EIS spectra o f  alum inum -foil 

samples, high-im pedance polym ers and beverage-can coated alum inum  samples: a 

Solartron 1260 im pedance gain/phase analyzer (referred to as Solartron 1), and a Gamry 

PC4/300 (referred to as Gam ry 1). Later in the investigation, a Solartron 1287 

potentiostat w ith a Solartron 1255 gain/phase analyzer (referred to as Solartron 2) becam e 

available, as well as a second Gamry PC4/300 (referred to as Gamry 2). Solartron 2 and 

Gamry 2 w ere used for the purpose o f  data com parison and verifications o f  results 

previously obtained on Solartron 1 and G am ry 1, and for perform ing DC experim ents.

The analyzers do not measure im pedance directly, but rather they m easure V and I 

and com pute the impedance o f  the item  under test [35], All o f these instrum ents are 

generally referred to as potentiostats. All high-perform ance EIS system s use a four- 

term inal connection scheme. The four leads that connect to the cell under test are grouped 

into two pairs. One pair o f  leads, ‘current-carrying leads’, conduct the current between 

the cell and the potentiostat, and ’sense leads’, measure the voltage across tw o points in 

the cell [36],

4.5. Noise Elimination in Solartron Instruments

To reject any external electrochemical noise from  the EIS data, an integration function is 

available in the Solartron instrum ents. Integration time is the period over w hich the 

analyzer m easures the input signals. The duration o f  this period determ ines the noise 

rejection ability o f the analyzer. D efined in seconds, the tim e is rounded up or dow n to 

cover a whole num ber o f cycles. Integration is sim ply averaging o f  repeated cycles at the
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same frequency with 1 cycle at 1 M H z taking a m illionth o f  a second and 1 cycle at

I m H z taking 1000 seconds. For exam ple, if  averaging (integration) w as set as 

1000 cycles, it would take 1/1000th o f  a second to do the 1 M Hz m easurem ent and over

II  days to do 1000 cycles at 1 m Hz [35].

In m any cases integration beyond 1 second is not necessary, but in som e cases 

where the value o f  im pedance gets high resulting in a small current response it m ay be 

necessary as the signal to noise ratio o f  the current signal gets lower. The idea behind the 

various auto integrations is to only use as m uch averaging as necessary to get a certain 

statistical distribution in the m easurem ents. Therefore to reject noise from  the 

m easurem ents it is necessary to increase the integration time. The m easurem ents are 

increasingly more stable as integration tim e is increased, but of course the experim ent 

will take longer to run [35].

Several integration times and cycles were tested, and it w as found that auto

integration function, “Long on V 1 ”, provided the shortest m easurem ent tim es for spectra 

that were indistinguishable on log |Z| versus log frequency plots . In this m ode, the 

system aims for a standard deviation o f  ±1%  on analyzer input [35].

4.6. Noise Elimination in Gamry Instruments

In the Gam ry systems, two noise optim ization options are available: speed and accuracy. 

Speed is the appropriate selection w hen the cell stability is poor and a spectrum  m ust be 

m easured rapidly, or the system im pedance is low  and w ell defined. A ccuracy is the 

appropriate selection w hen the cell im pedance is high or the electrochem ical system  is 

noisy [37], Both options w ere tested and both options produced acceptable results ( i .e . ,
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indistinguishable spectra on log |Z| versus log frequency plots); how ever, the accuracy 

option was utilized [37].

4.7. Gamry and Solartron Software

W ith the different potentiostats, different com puter program s were utilized to perform  the 

m easurem ents and data analyses. In the case o f  the Solartron instrum ents, for perform ing 

the EIS experim ents, ZPlot (3.2c) was used, and for the viewing and analysis o f  the data 

ZView  (3.2d) w as used. For the Gamry system s, Gamry Fram ework (4.35) was used for 

the collection o f  the data while Echem A nalyst (5.3) was used for the data viewing and 

analysis. For perform ing the DC experim ents and cyclic voltam m etry on Solartron 2, 

CorrW are (3.2c) and CorrView (3.2d) softwares w ere utilized.

As shown later in Table 5-1 (section 5.2.6) and Table 5-2 (section 5.4.2), to 

check the accuracy and precision o f  the potentiostats, values o f know n circuit elem ents 

were estim ated by fitting EIS data to equivalent circuit models using non-linear least 

squares.

4.8. Electrochemical Cells

4.8.1. Vertical Corrosion Cell (VC)

The Vertical Cell, shown in Figure 4-1, is a Tait cell (EG & G  model K03074) purchased 

from Princeton Applied Research. It is an electrochem ical cell that can be used to 

investigate the properties o f coatings and paints exposed to aggressive solutions. It is 

com prised o f a glass cylinder with two Hastelloy metal end caps and o-ring seals. The 

assembly is bolted together forming a leak-tight cell. The cell used in this investigation 

exposes an interior circular sample area o f  34.0±0.5 cm2. Tw o flat rubber o-rings ensure a
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tight seal between the glass cylinder and the sample, and the glass cylinder and the top- 

end cap. From the top-end cap two metal electrodes are suspended: a counter electrode 

and a reference electrode. The counter electrode has a wide surface area covering alm ost 

the entire cross section o f  the glass cylinder and is placed 10 mm above the surface o f  the 

coating { i . e . ,  the w orking electrode) being tested. The large surface area o f  the counter 

electrode is required to provide a uniform  current to the entire surface area o f  the coating 

placed underneath, ensuring that m easurem ents are accurate and representative o f  the 

whole surface o f  the coating. The reference electrode is suspended through a small hole 

at the centre o f  the counter electrode, and its tip is placed 5 m m  away from  the surface o f 

the coating. Both electrodes are m ade from H astelloy steel, which is a special alloy used 

in highly corrosive environm ents, where corrosion resistance is required [38],

Figure 4-1 Vertical corrosion cell. The sample is shown under the black O-ring at 
the bottom of the glass cylinder. The sample diameter is 6.35 cm.
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4.8.2. Horizontal Corrosion Cell (HC)

The Horizontal Cell, shown in Figure 4-2, is a “Flat cell k it” (EG & G  m odel K0235) 

purchased from Princeton Applied Research. It is an electrochem ical cell that can also be 

used to investigate the properties o f coatings and paints exposed to aggressive solutions. 

It is com prised o f  a Pyrex™ -glass cylinder body with polypropylene end caps. The 

assembly is bolted together form ing a leak-tight cell. The Horizontal cell used in this 

investigation encloses an interior circular sample area o f  1.0±0.1 cm 2. A  flat rubber o- 

ring ensures a tight seal between the polypropylene end caps and the sample. Two 

electrodes are suspended through the top, a counter electrode and a reference electrode; 

both electrodes are made from graphite [39],

Figure 4-2 Horizontal corrosion cell. The volume of the cell is 250 ml and the 
working electrode area is 1 cm2.
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Chapter 5. Preliminary Experiments

5.1. Introduction

This chapter presents the prelim inary investigations perform ed prior to perform ing long

term experim ents on the coated-alum inum  samples. As show n in Chapters 2 and 3, intact 

coatings have very high im pedances that m ight be beyond the m easuring capabilities o f 

the potentiostats. This issue was investigated, and the first section presents the tests and 

analysis performed to ensure that the EIS m easurem ent instrum ents at hand are capable, 

functional and consistent. This w as followed by EIS testing o f  kitchen-alum inum  foil and 

high-im pedance epoxy polym er to obtain a baseline for chem ically-active and 

chem ically-inert systems. Finally, the effect o f  varying the sample size and electrolyte 

concentration, on EIS data, was investigated.

All EIS experim ents w ere perform ed w ith an AC excitation voltage o f  20 mV 

w ith the exception o f the very high-im pedance polym er experim ents w hich w ere run with 

an AC voltage o f  100 mV. It is custom ary to run EIS spectra from high frequency down 

to low frequency. W hen plotting data, the high frequency is norm ally on the right-hand 

side o f  the horizontal-axis, so that all experim ents proceed from right to left on graphs. 

All potentiodynam ic data were collected at a scan rate o f  10 mV/s.

5.2. Instrumentation Analysis

5.2.1. Introduction

This section discusses and explains the tests and analysis perform ed to ensure that the 

instrum ents used to perform the EIS m easurem ents w ere properly functioning and 

producing m eaningful results.
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Prior to investigating the EIS spectra o f  alum inum  foil and coated alum inum  

samples, the following perform ance param eters were investigated:

• Cable effects;

•  Limits o f  operation o f  the m achines;

•  Perform ance at high and low  frequencies using high im pedance coatings as well 

as basic circuit elements;

•  Com parison o f  the Gamry instrum ents;

•  Com parison o f  the Solartron instrum ents;

• The effect o f  external noise on EIS spectra.

5.2.2. Cable Effects

Before investigating the perform ance limits o f  the potentiostats and their consistency, the 

integrity o f  the experim ental set-up was first tested. Several sets o f  connection cables for 

each system were available. The cable connecting the instrum ent and the cell, and 

placem ent o f  the leads connecting to the cell can have a major effect on EIS system 

perform ance. The term  mutual inductance describes the influence o f  the m agnetic field 

generated by the current carrying leads on the sense leads. M utual inductance can limit 

the ability o f  an EIS system to m ake accurate m easurem ents o f  low  im pedances at high 

frequencies. In essence, the current carrying leads are the prim ary o f  a transform er and 

the sense leads are the secondary. The AC current in the prim ary creates a m agnetic field 

that then couples to the secondary, where it creates an unw anted AC voltage. M utual 

inductance errors are more significant with lower cell im pedances and higher frequencies 

[36],
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To test the integrity o f  the cables, EIS data w ere collected for high im pedance 

(see below) and low im pedance system s (see fuel cell experim ents in section 5.2.5). For 

the high im pedance testing, a high-im pedance coated alum inum  sample was placed in the 

EIS cell w ith tap w ater as the electrolyte. This is a stable system, w hich always gives 

highly reproducible results, and any changes in EIS spectra when the cables are changed 

are due to differing electrical responses o f  the cables and are not due to changes in cell 

corrosion or chemistry. First, Solartron 1 and Solartron 2 were tested and their two cables 

were interchanged. There were no significant differences in the EIS spectra and all the 

data w ere consistent: Figure 5-1 and Figure 5-2.
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Figure 5-1 Impedance (11) measurements (HC, 1.0±0.1cm 2) for coated aluminum  
using Solartron 1 with different cables.
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Figure 5-2 Phase angle measurements (HC, 1.0±0.1cm 2) for coated aluminum using 
Solartron 1 with different cables.

A high-im pedance polym er sample w as placed in the EIS cell w ith tap w ater as 

the electrolyte. This is an ultra-stable system, w hich alw ays gives highly reproducible 

results. This time, differences in the phase-angle EIS spectra using the Gamry 

instruments w ith different cables were very noticeable and reproducible (Figure 5-3 to 

Figure 5-6).
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Figure 5-3 Impedance (12) measurements (HC, 1.0±0.1cm 2) for polymer using 
Gamry 1 with good and bad cables.
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Figure 5-4 Impedance (12) measurements (HC, 1.0+0.1cm 2) for polymer using 
Gamry 2 with good and bad cables.

Looking at Figure 5-3 and Figure 5-4, there is a small observable difference 

between the im pedance m easurem ents when using a bad cable as opposed to a good 

cable, but this is not really significant and m ight be ignored. There is a small jum p in the 

impedance at about 10 kHz, occurring on both G am ry 1 and Gamry 2 w hen a bad cable is
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used. The differences are m uch more apparent and readily observable in the phase angle 

plots (Figure 5-5 and Figure 5-6).
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Figure 5-5 Phase angle measurements (HC, 1.0±0.1cm 2) for polymer using Gamry 1 
with good and bad cables.
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Figure 5-6 Phase angle measurements (HC, 1.0±0.1cm 2) for polymer using Gamry 2 
with good and bad cables.
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It can be seen from Figure 5-5 and Figure 5-6 that there is a difference in the 

phase-angle portion o f  the EIS spectra w hen a bad cable is used. W ith decreasing 

frequency, at 10 kHz there is a step change in the phase angle m easurem ents, suddenly 

becom ing more positive, as was the case in the im pedance plot. It can also be noted that 

the phase angle plot is no longer sm ooth and is “contam inated” with “phantom ” spikes, 

w hich occur every decade o f  frequency.

These spikes are glitches, which appear to be a property o f  G am ry instrum ents. 

They arise every tim e the gain o f  the current am plifier changes when studying very high 

im pedances. The phantom spikes are am plified by our “bad” cable, and are very apparent 

in the phase angle plots for both Gam ry 1 and Gamry 2. The use o f “ good” cables reduces 

the m agnitude o f  the phase-angle glitches and provides a m uch sm oother curve. In this 

regard, Gamry 2 appears to perform  better than Gamry 1. Once the cable problem  was 

identified, in all experim ents other than those discussed in this section, good cables were 

utilized for the collection o f  EIS data.

5.2.3. Electrical Noise Interference and Instrument Limits

In order to assess electrical noise interference, several experim ents were perform ed, 

several times, at two different locations (two different buildings). Som e experim ents 

were also perform ed inside a Faraday cage and repeated outside the cage for com parison 

(discussed in section 5.2.9). A Faraday cage is an electrically grounded m etal box that 

prevents external electric and electrom agnetic fields from interfering w ith m easurem ents 

perform ed inside the box.

The open-lead, open-circuit spectrum  test is a sim ple test to assess the high- 

im pedance capabilities o f  an EIS instrum ent. An EIS scan is perform ed w ith no cell
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connected to the leads. These "‘open-lead” spectra dem onstrate the highest im pedance that 

the system can measure.

In Figure 5-7, the open-lead spectra for Solartron 1 (at 2 locations) and Solartron 

2 were measured. All the variables such as applied voltage and integration m ethods were 

kept the same for measuring EIS spectra, so as to give a meaningful com parison.
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Figure 5-7 Open-lead spectra for Solartron 1 and Solartron 2.

From Figure 5-7, a lot o f  inform ation can be drawn. There is no obvious 

difference between the spectra obtained at location 1 as com pared to location 2; no 

significant extraneous electrical noise is dem onstrated in the spectra. Concerning the 

system limits, it can be seen that Solartron 1 has an im pedance m easurem ent cap o f 

approxim ately 100 M O starting at 1 kHz and down to 100 mHz. In com parison, Solartron

2 has a higher im pedance cap between 1 G O  -10 G O, subject to noise below  200 Hz.

The open-lead spectra for Gamry 1 and Gam ry 2 are shown in Figure 5-8. It can 

be seen that the perform ances o f  Gamry 1 and G am ry 2, as expected, are alm ost identical.
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They display m uch less noise than the Solartron instrum ents, and they have a higher 

im pedance cap, >1 TQ at 100 mHz. In order to once again com pare location 1 and 

location 2, the open-lead spectra for G am ry 1 w ere recorded at both locations for 

com parison, Figure 5-9.
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Figure 5-8 Open-lead spectra for Gamry 1 and Gamry 2.
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Figure 5-9 Open-lead spectra for Gamry 1 at location 1 and location 2.
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It can be seen from Figure 5-9 that for the m ost part both plots are alm ost 

identical, and dem onstrate consistency in the perform ance o f  this instrum ent. The figure 

also shows that there is more noise picked up in location 2 than location 1, above 1 GQ 

(<100 Hz). All experim ents henceforth were perform ed in location 1.

5.2.4. Polymer Experiments

Before recording the EIS spectra for coated-alum inum  samples, a chem ically inert, very 

high-im pedance polym er was studied and EIS data were collected.
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Figure 5-10 Impedance (SI) measurements (HC, 1.0±0.1cm 2) for polymer in water 
using Solartron 1, Solartron 2, Gamry 1 and Gamry 2.

Looking at Figure 5-10, it can be seen that the low-frequency im pedance o f  the 

polym er is in excess o f  100 GQ, far surpassing the m easuring capabilities o f  Solartron 1, 

but lying w ithin the m easuring range for the other instruments. N otably, Solartron 2 

performs better in this experim ent than in the open-lead experim ent (com pare Figure 5-10
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and Figure 5-7), but appears to be at its limit. It displays m uch less noise than in Figure 

5-7.

The Gam ry instrum ents record lower high-frequency im pedances for the polym er 

than for their open-lead m easurem ents, im plying that this is a true m easurem ent and not a 

limit. This experim ent dem onstrated the consistency o f  the results betw een all the 

m achines. Even though for this specific sample, Solartron 1 fails to provide good data 

around 1 GQ  and below  100 Hz, it is still suitable for studying samples w ith im pedances 

below 1 GQ (see Figure 5-1 and Figure 5-2).
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Figure 5-11 Phase angle measurements (HC, 1.0+0.1 cm2) for polymer in water 
using Solartron 1, Solartron 2, Gamry 1 and Gamry 2.

On a first look at Figure 5-11, it can be seen that all the curves are consistent in 

giving a phase angle m easurem ent o f  approxim ately -90° across the com plete frequency 

spectrum, as expected for a high im pedance polym er. It can also be seen that Solartron 1
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produces an exceptionally noisy phase angle plot below  100 Hz, with an average value o f 

-90°. At first glance, this unstable spectrum  m ight be attributed to electrical noise picked 

up by the instrum ent, but no such noise was picked up by the other instrum ents. After 

careful analysis o f  im pedance and phase angle data, it appears that this spiking in the 

phase angle is due to the machine being pushed past its lim its at an im pedance o f  1 GQ. 

On the other hand, Solartron 2 is not being pushed to its lim it until im pedances >10 GQ 

(see Figure 5-10). Such im pedance, >10 GQ, only occurs at frequencies < 10 Hz, and as 

seen in Figure 5-11, the phase-angle plot for Solartron 2 starts to produce noise spikes 

below  10 Hz.

5.2.5. Fuel Cell Experiments

After ensuring that all systems are com parable and consistent when collecting EIS data 

for high im pedance coatings, experim ents at the lower end o f  the im pedance spectrum 

were perform ed to ensure consistency at all m agnitudes o f  im pedance and to investigate 

the phenom enon o f  m utual inductance. As an exam ple o f  a low -im pedance circuit, EIS 

spectra for a direct methanol fuel cell w ere collected using Gamry 1, G am ry 2 and 

Solartron 1 [40].
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Figure 5-12 Impedance ( il)  measurements for fuel cell.
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Figure 5-13 Phase angle measurements for fuel cell.
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From Figure 5-12 and Figure 5-13, it can be seen that the im pedance 

m easurem ents and phase angle m easurem ents are alm ost identical over m uch o f  the 

spectra for all three systems. A t the high end o f  the frequency spectrum , the mutual 

inductance effect can be observed. Solartron 1 shows a higher inductance as com pared to 

Gamry 1 and Gamry 2. The perform ance o f  Solartron 1 becom es questionable for low 

im pedance systems at frequencies above 10 kHz.

Overall it was confirm ed that over m ost o f  the EIS spectrum  (100 m H z - 40 kHz), 

the potentiostats have similar perform ances and provide consistent results for high- 

im pedance and low-im pedance systems.

5.2.6. Test Circuits

After checking the consistency o f  the potentiostats at very high im pedances and very low 

im pedances, it was im portant to check the consistency in m id-range. It is the custom  of 

the m anufacturers o f  EIS equipm ent to provide standard test circuits to check the 

quantitative accuracy o f  their instrum ents. Figure 5-14 shows such a circuit, consisting 

o f  a com bination o f  resistors and capacitors in series and parallel.

C2

C3R3

R4

Figure 5-14 Components of test circuit.
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Table 5-1 provides the m anufacturer’s values o f  the different com ponents, and

includes their values derived from fits to the EIS data2, along with their percentages o f

error, for the 4 different potentiostats. The results are very satisfactory.

Table 5-1 Component values and their percentages of error3, as fitted to the circuit 
data generated by the 4 different potentiostats.

Circuit

element

OEM

value

Solartron 1 Solartron 2 Gamry 1 Gamry 2

Value % Value % Value % Value %

R1 1.54E+01 1.58E+01 1 1.57E+01 1 1.59E+01 2 1.61E+01 2

R2 3.01E+04 2.96E+04 3 2.97E+04 2 3.28E+04 2 2.93E+04 2

R3 3.48E+05 3.46E+05 8 3.44E+05 3 3.63E+05 4 3.42E+05 4

R4 1.00E+08 1.06E+08 7 9.49E+07 5 9.48E+07 6 9.64E+07 6

Cl 1.0E-07 1.01E-07 1 9.93E-08 1 1.10E-07 0 9.83E-08 0

C2 2.2E-07 2.29E-07 3 2.29E-07 2 2.27E-07 2 2.28E-07 2

C3 3.3E-07 3.1 IE-07 3 3.24E-07 1 3.14E-07 2 3.21E-07 2

In the following graphs, Figure 5-15 and Figure 5-16, the im pedance and phase- 

angle m easurem ents for the Solartron instrum ents and Gamry instrum ents again 

dem onstrate their consistency in the m easurem ent o f  the test circuit.

2 ZPIot (for Solartron instruments) and EchemAnalyst (for Gamry instruments) were used to simulate the 
circuit in Figure 5-14 and estimate component values; see section 4.7.
3 The Error estimates are calculated by ZPIot (for Solartron instruments) and EchemAnalyst (for Gamry 
instruments); see section 4.7
4 OEM (original equipment manufacturer) errors were not available
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Figure 5-15 Impedance (12) measurements for test circuit.

0

C  "20
<u

■ob -40 e03
8  -60 03

^  -80

-100 I -  .....-.......T-.-..... ......... r—  ----------------   :------- ,-------------- ,--------- ,----
0.01 0.1 1 10 100 1000 10000 100000 1000000

Frequency (H z)

—  Solartron 1 .......  Solartron 2 —  Gamry 1 -— -Gamry 2 —— Circuit Fit

Figure 5-16 Phase angle measurements for test circuit.

5.2.7. Other Tests on Solartron 1

Since Solartron 1 was initially the prim ary m achine used for EIS data collection, some 

additional basic tests w ere conducted to finalize the assessm ent o f  the instrum ent. EIS 

m easurements w ere conducted on a 70 Q  resistor, an 8 MH resistor and a 100 nF 

capacitor (Figure 5-17 and Figure 5-18).
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Figure 5-17 Phase Angle measurements for circuit elements using Solartron 1.
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Figure 5-18 Impedance (Q) measurements for circuit elements using Solartron 1.

The EIS output provided by Solartron 1 for the resistors and capacitors was 

correct. The resistors showed a phase angle o f 0° across the spectrum and the capacitor 

showed a phase angle o f  -90°. In the im pedance plots, the EIS m easured the correct value



o f the resistor and showed a line w ith a slope o f  zero. A line w ith a slope o f  -1 was 

obtained, as expected, for the capacitor. W hen the capacitance o f  the capacitor was 

calculated using the Solartron circuit-fitting softw are, it provided a value for the capacitor 

in agreem ent with the m anufacturers value, 103±2nF. A little noise w as observable as 

the capacitor’s im pedance approached 10 M Q.

5.2.8. Coated Aluminum Samples

A fter all the preliminary perform ance checks w ere done, the lim its o f  operation o f 

Solartron instrum ents and Gamry instrum ents had been identified. It w as im portant to 

understand whether coated alum inum  samples w ould fall w ithin the operating range o f 

the equipm ent or not, so EIS spectra were run using high quality, i.e. high-im pedance, 

coated aluminum samples. The sam ples w ere placed in the vertical cell using w ater as the 

electrolyte, and tested in the m anner used in previous experiments.
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Figure 5-19 Impedance (H) measurements (HC, 1.0±0.1 cm2) for intact coated 
aluminum sample.

Looking at Figure 5-19, the consistency o f  the potentiostats is once again 

confirmed. It is observed that the im pedance o f  the coated alum inum  sam ples is 

approxim ately 100 M O  at 0.1 Hz, w hich is w ithin the operating range o f  Solartron 2, 

Gamry 1 and Gamry 2, but is close to the upper lim it o f im pedance for Solartron 1. This 

means that all data collected at im pedances below  100 Mf2 w ill be accurately measured. 

In corrosive electrolytes, m easured im pedances for coated alum inum  samples will be 

lower, and any changes in the EIS spectra that occur can be positively recorded as 

signatures o f  corrosion.
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Figure 5-20 Phase angle measurements (HC, 1.0±0.1 cm2) for intact coated 
aluminum sample.

For the m ost part, the phase-angle m easurem ents for the different instrum ents are 

consistent, Figure 5-20. All the system s provide a  phase-angle m easurem ent between 

-80° and -90° over most o f  the spectrum. N ote that the phase angle is not exactly -90° as 

observed for the capacitor and the polym er. The coated aluminum is not a pure capacitor.

Significant spikes are observed in the phase-angle data o f  Solartron 1, at 

frequencies dropping below 1 Hz, which again is symptomatic o f  the fact that this 

instrum ent at these impedances and frequencies is close to its limits. As will be seen, 

once alum inum  samples start to corrode, their im pedance drops and this m achine can 

operate com fortably w ithin its limits.
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5.2.9. Faraday Cell Experiments

W hen the EIS spectra perform ed at location 1 were com pared to the data from  location 2, 

there was little difference in the results (Figures 5-7 to 5-9). Extraneous noise did not 

significantly affect the data. This was confirm ed w ith the use o f a Faraday cage, in which 

the electrochem ical cell was placed. EIS results w ith and without a Faraday cage were 

identical. This showed that the potentiostats w ere not susceptible to external noise, or that 

there was no significant external noise present in either location. H ence, either location is 

suitable for perform ing EIS experiments. On the occasions that significant noise was 

observed, instrum ents w ere operating close to or beyond their capabilities at either end o f 

the frequency spectrum.

5.2.10. Results

• O nly w ithin certain operational limits, all potentiostats are consistent and provide 

essentially identical results;

• Gam ry 1 and Gamry 2 have an im pedance cap o f  approxim ately 1 TQ  at 

100 mHz;

• Solartron 2 has an im pedance cap o f  approxim ately 10 GQ at 100 m Hz;

• Solartron 1 has an im pedance cap low er than 100 M Q  at 100 mHz;

• The polym er samples have an im pedance o f  approxim ately 100 G G  at 100 mHz;

•  The best alum inum  samples have an im pedance o f  approxim ately 100 M Q  at

100 m H z when the vertical cell is used;
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• Faulty cables in the Gamry system s can am plify phase glitches, caused by 

switching ranges in the current-gain am plifiers, and provide m isleading spikes 

and m easurem ents in the phase-angle plots;

• Under certain conditions, the potentiostats can exhibit noise, particularly in the 

phase-angle m easurem ents. In this respect, Gam ry 2 was the best perform er, 

Gamry 1 the next best, and Solartron 2 was superior to Solartron 1;

• D ifferences between the levels o f  electrical noise observed in tw o different 

buildings were less than the differences between different instrum ents, and much 

less than effects produced by faulty cables;

• W hen collecting EIS data using the Solartron instrum ents, for low -im pedance 

systems at high frequencies, >10 kHz, there were signs o f  interference from 

inductance in cables.

5.2.11. Conclusions

Looking at all the results, it can be concluded that all the instrum ents have varying 

operational lim its, w ithin which they all w ork well and provide consistent and 

reproducible results.

For the G am ry systems, it is very im portant to ensure that the cables used for the 

EIS m easurem ents do not produce phantom peaks in the phase angle spectra. These peaks 

arise when the current-gain am plifier changes its range, and m ay be associated with 

inductance in the leads, because this sudden current change produces a m arked positive 

spike in the phase angle.

By having very high-im pedance m easurem ent capabilities, G am ry 1 and Gam ry 2 

are very well suited to measure EIS spectra for all kinds o f  samples over a w ide range o f
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frequencies. Solartron 2 is also capable o f  providing reliable results for our highest 

im pedance studies o f  polym ers, although these are close to its limit. On the other hand, 

Solartron 1 is not able to perform  EIS experim ents for the polym er sam ples at frequencies 

below  100 Hz. It can start to have problem s at im pedances o f  -1 0 0  M O.

From the low im pedance fuel cell experim ents, it w as determ ined once again that 

all the systems were reliable and provided essentially the same results. In such low- 

impedance m easurem ents, any o f  the systems are suitable to run EIS spectra, although 

care m ust be taken because o f  inductive effects from cables that can appear at high 

frequencies when using the Solartron instrum ents.

Coated alum inum  samples have their highest im pedance o f  approxim ately 

100 M Q at 100 mHz, when using the vertical cell, but their im pedances are generally 

lower than this. All the systems are capable o f  providing reliable EIS data for such 

samples. Thus, changes observed to occur in the EIS spectra o f  coated alum inum  samples 

as corrosion occurs, are real and can be quantitatively measured.

5.3. Aluminum Foil Experiments

5.3.1. Introduction

It was not know n how the coated alum inum  sam ples w ould react once they were exposed 

to corrosive solutions. The previous section dem onstrated a baseline for a chem ically 

inert im pervious system, where no reactions were taking place in the corrosion cells. As a 

baseline for a chem ically active system, a num ber o f experim ents were run using the 

shiny side o f  kitchen alum inum  foil using Solartron 1. It was expected that corrosion
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would occur in these experim ents, and signatures for corrosion w ould be recorded and 

later com pared with the corroding coated-alum inum  samples.

5.3.2. A1 Foil Exposed to Tap Water

As a starting point, tap water was used as the electrolyte to give a baseline for alum inum  

foil im pedance data. Figure 5-21 shows the im pedance and phase angle m easurem ents for 

an alum inum  foil sample in tap water. A t the high frequency range (105 H z -  10 Hz), the 

im pedance plot is a straight line w ith a slope o f  0, a resistor, indicating the solution 

resistance, with no coating resistance. Below 10 Hz, the im pedance plot becom es more 

like a capacitor. The capacitance is assigned to that o f  the m etal/oxide/electrolyte 

interface on the surface. At the low end o f the frequency spectrum , ~0.2 Hz, a transition 

from capacitive to resistive behaviour is observed. This is thought to be the resistance o f 

the oxide on the metal.

The limiting im pedance o f  10 kH  at 0.1 Hz is considerably low er than that o f  the 

polym er (>100 GQ, Figure 5-10) and the coated alum inum  samples (-1 0 0  M Q, Figure 

5-19). In fact this low im pedance indicates a poorly protective coating (probably only 

oxide in this case), and one w ould expect to see corrosion occurring quickly in aggressive 

solutions.
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Figure 5-21 A Bode plot (using Solartron 1, VC, 34.0±0.5 cm2) showing the 
impedance and phase angle for aluminum kitchen foil exposed to tap 
water. Compare this with data for an uncoated sample in Figure 3-14.

5.3.3. Al Foil Exposed to 0.1 M NaCl

Upon exposure o f  the alum inum  foil to a m ore corrosive solution than w ater, viz., 0.1 M 

N aCl which is known to cause pitting [14, 15, 16], there w ere im m ediately some notable 

differences in the behaviour o f  the EIS spectra. In line with the increased solution 

conductivity, conducting ions penetrated the coating/oxide and reached the underlying 

alum inum  substrate. Due to the low er electrolyte resistance, the im pedance associated
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with the capacitance is now dom inant over a w ider frequency range (1 H z - 1 kHz) as 

com pared to the sample in water (0.2 H z-10 Hz). The im pedance plot for the entire 

spectrum has dropped by orders o f  m agnitude except for the frequency range o f 

1 Hz - 10 Hz where it is m easuring the value o f  the capacitance at the 

m etal/oxide/electrolyte interface.

W hen w ater was the electrolyte, a transition from resistive to capacitive behavior 

was noted at 10 Hz, while it occurred at 1000 Hz w hen the electrolyte w as 0.1 M NaCl. 

Also, a capacitive to resistive transition occurred at 0.1 Hz in water and 1 Hz in the 0.1 M 

N aCl solution. Looking at the phase angle plot for the sample in 0.1 M N aC l, as the 

frequency falls below  1 Hz, a positive phase angle is observed in Figure 5-22.
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Figure 5-22 A Bode plot (using Solartron 1, VC, 34.0±0.5 cm ) showing the 
impedance and phase angle for aluminum kitchen foil exposed to 0.1 M 
NaCl.

5.3.4. Al Foil Exposed to 1 M NaCl

To further investigate the changes occurring in the Bode plot, the electrolyte was changed 

to 1 M NaCl. W hen the Al foil was exposed to this even m ore aggressive solution o f  1 M 

NaCl [15], there was yet another drop in im pedance across the frequency spectrum : low 

frequency im pedance w as markedly lower. An increase in the m agnitude o f  the positive 

phase angles w as also observed; +25° in 0.1 M N aC l and +50° in 1 M NaCl [7, 63-65].
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A fter 3 hours o f  exposure to 1 M N aCl there was a sudden drop in im pedance at 

0.4 Hz: 4 kQ  down to <1 kQ, Figure 5-23. The phase angle was observed to transition 

from capacitive to resistive at a higher frequency: 1 Hz to 10 Hz as shown in Figure 5-24.

As tim e passed, the high frequency im pedance (>103 H z) was observed to 

increase slightly. This can be due to the fact that as the coating is getting breached, liquid 

is entering the narrow  aperture betw een the coating and the alum inum  substrate causing 

an increasing effective solution resistance to dom inate over the coating capacitance. 

A nother explanation for such behavior m ight be an increase in corrosion by-products in 

the electrolyte reducing its conductivity. The capacitance may also be decreasing as 

alum inum  metal is consumed, changing the surface area.
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Figure 5-23 Impedance (12) measurements (using Solartron 1, VC, 34.0±0.5 cm ) for 

aluminum kitchen foil exposed to 1 M NaCl (pH 8). Note the increase in 
the high frequency impedance and drop in the low frequency 
impedance.
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Figure 5-24 Phase angle measurements (using Solartron 1, VC, 34.0±0.5 cm ) for 

aluminum kitchen foil exposed to 1 M NaCl (pH 8). (the positive phase 
angle at the highest frequencies is attributed to inductance in the cables 
as previously discussed in section 5.2.2).

It is observed that the phase plot is becom ing m ore com plex w hen com pares to 

passive non-corroding systems (c.f. Figure 5-21). N o attem pt has been made to model 

this obviously com plicated system.
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Figure 5-25 Nyquist plot (using Solartron 1, VC, 34.0±0.5 cm2) for aluminum  
kitchen foil exposed to 1 M NaCl (pH 8). Note the inductive effects 
(positive imaginary impedance) appearing with sample degradation.

U pon exam ining the foil sample after experim ents w ere com plete, it was found to 

have many pinholes that com pletely penetrated the foil, Figure 5-26. It is believed that:

•  the decrease in im pedance at the lower frequencies;

•  the capacitive to resistive transition occurring at h igher frequencies;

•  and the occurrence o f positive phase angles (inductive effects)

are all indicative o f  chem ical activity, viz., corrosion. To investigate these phenom ena, 

DC polarization experim ents were perform ed as explained in the next section.
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Figure 5-26 Photograph showing pinholes (numerous white dots) in aluminum foil 
after exposure to 1 M NaCl.

5.3.5. DC Polarization Experiments

As pointed out in the previous section, the occurrence o f  inductive effects in the EIS data 

was attributed to corrosion. W hile running EIS scans, there is an option for applying a 

DC voltage, positive or negative, sim ultaneously w ith the AC voltage. The application o f 

cathodic polarization, i.e. , a negative voltage (~ -1 V), pushes the system  into the 

im m unity region where corrosion essentially stops. This is discussed in section 3.3. The 

application o f  such a voltage stopped the phase angle going positive and stopped the fall 

in im pedance at low frequencies. The application o f  a small positive voltage (~ 1 V) did 

the reverse (see Figure 5-27). It appeared that corrosion could be controlled by the
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application o f  small DC voltages to the foil [7,15,16,66-68], indicating that a real 

inductor cannot be present in the circuit. Inductors cannot be turned o ff  by applying a DC 

potential, and hence, a pseudo-inductive elem ent is present. The disappearance o f  the 

positive phase angles during cathodic polarization strengthens the hypothesis that positive 

phase angles are indicative o f  corrosion.
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Figure 5-27 Bode plot (using Solartron 1, VC, 34.0±0.5 cm2) showing the effects of 
the application of small DC voltages to aluminum kitchen foil in 1 M 
NaCl.
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5.3.6. Results

• The Bode plots for weak or flawed coatings are resistive at the high frequency 

range, capacitive at the m id frequency range and resistive at the low  frequency 

end o f  the spectrum ;

•  For a weak or flawed coating, w hen the electrolyte concentration is increased, the 

im pedance decreases across the frequency spectrum ;

• W ith an increase in solution conductivity, the im pedance attributed to the coating 

or oxide capacitance dom inates over a w ider frequency range;

• W hen the electrolyte is aggressive and the alum inum  foil sam ple is corroding, a 

capacitive to resistive transition occurs at higher frequencies, 0.2 H z for sam ple in 

water, 1 H z for sample in 0.1 M N aC l and 10 Hz after 3 hours o f  exposure to 1 M 

NaCl;

• W hen a sample is actively corroding, positive phase angles are observed on the 

phase plot at low frequencies;

•  A small DC voltage can be applied to  turn corrosion on or off;

•  W hen cathodic polarization is applied, positive phase angles disappear and an 

im pedance that drops w ith lowering frequency is no longer observed;

• W ith prolonged exposure to 1 M  N aCl, the high frequency im pedance was 

observed to slightly increase.
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5.3.7. Conclusions

By looking at all the results, it can be concluded that EIS can be used to determ ine the 

perm eability o f  the coatings by varying the electrolyte concentration: the higher the 

concentration o f  electrolyte, the lower the im pedance o f  a perm eable coating.

Provided that the underlying metal is effectively protected from  corrosion, the 

low-frequency im pedance o f  a coated metal never decreases with decreasing frequency. 

In corroding system s, however, the im pedance is lower at the lowest frequencies.

W ith the degradation o f  the alum inum  foil sam ples, the capacitive-to-resistive 

transition frequency was observed to increase. As shown in section 2.5, this is indicative 

o f coating degradation. At the same time, there was a significant jum p in the phase angle 

to positive values: inductive effects were observed. In the literature [7,63-65], such 

effects have been observed in EIS spectra o f  corroding metals. A lthough there are 

different views on how  the inductive loop arises, in all cases it is agreed that it is 

associated w ith an active corrosion process. As observed in the DC polarization 

experim ents, these inductive effects disappeared with the application o f  cathodic 

polarization. Hence, the conclusion that inductive effects at low frequencies indicate 

corrosion is widely supported. Corrosion w as detected by EIS before it w as visually 

observable.

In the EIS spectra, unexpected changes in the high frequency im pedance were 

observed; the im pedance slightly increased w ith exposure to 1 M N aCl. These effects 

have not been fully explored, but possible explanations have been hypothesized: this 

effect may arise from a change in the dielectric constant o f  the coating or double layer on 

the alum inum  surface due to solution entering betw een the coating and the alum inum
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substrate. This may also be explained by a reduction in the effective conductivity (higher 

im pedance) due to an increase in corrosion by-products at the surface o f  the alum inum , 

and in flaws and pores.

N ote that the alum inum  foil samples have very w eak protection as com pared to 

the coated alum inum  samples. W hen the alum inum  foil samples are exposed to 

aggressive solutions, their coating is alm ost instantly penetrated w ith very minim al 

chemical resistance to the solution. The sam ples are fully protected at one instant and 

then fully breached the next instant: no interm ittent corrosion taking place. The EIS 

signatures o f  interm ittent corrosion can only be recorded by using sam ples w ith a strong 

coating w hich will resist the aggressive solutions for a period o f  time. This w ill be 

investigated in subsequent chapters.

5.4. The Effect of Varying the Sample Size and Electrolyte 

Concentration

5.4.1. Introduction

After perform ing the alum inum  foil experim ents, it was im portant to investigate a few 

more param eters prior to collecting EIS data for actively corroding coated-alum inum  

samples. It was crucial to:

• Determ ine the effect o f  varying the sam ple surface area;

• Record differences in Bode Plot for Good and Poor Coatings;

• Confirm  the effect o f  changing electrolyte concentrations on the EIS data.
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5.4.2. Effect of Sample Size

As previously stated in section 4.8, two corrosion cells were available for collecting the 

EIS data. In the horizontal cell (HC), 1.0±0.1 cm 2 o f the sample is exposed to the 

electrolyte, while in the vertical cell (VC) a surface area o f  34.0±0.5 cm  is exposed. This 

gives an area ratio o f  1:34±4 between the two cells.

As explained in section 2.4, the im pedance o f  a capacitor is given by equation 

2-15 and the capacitance, C, is calculated using equation 2-16. Hence, increasing the 

surface area by a factor o f 34 should lead to im pedance that is 34 tim es sm aller for the 

samples in the vertical cell, com pared to the horizontal cell.

Looking at Figure 5-19, EIS for a coated-alum inum  sample in the vertical cell, the 

m easured im pedance is -1 0 0  M Q at 0.1 Hz. I f  the aforem entioned prediction is right, a 

sam ple in the horizontal cell should have an im pedance o f  approxim ately 3.4 G Q  at 

0.1 Hz. EIS data for the two corrosion cells were collected using G am ry 1 and Solartron 

2; Figure 5-28.
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Figure 5-28 Impedance (ft) measurements for coated-aluminum samples to show  
the effect of varying the sample surface area.

From Figure 5-28 it can be seen that, as predicted, the im pedance value for an 

intact coated-alum inum  sample is slightly higher than 3 G O  at 0.1 Hz. The ratio o f  the 

im pedances, at all frequencies, was calculated and resulted in an average value o f  37 for 

Solartron 2, and 40 for Gamry 1. In some o f  the experim ents in section 6.4, a shift in the 

im pedance plot w as observed indicating a change in the exposed surface area.

Using fitting software, a Randles circuit w as fitted to the collected data and

capacitance values were derived. The capacitances provided by the different machines

were almost identical. The ratio o f  the capacitance values w as also alm ost identical to the 

ratio o f  the im pedances, see Table 5-2.
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Table 5-2. Calculated capacitance values, using Fitting software, for the coated 
aluminum samples and their ratio.

Solartron 2 G am ry 1

Vertical cell 

(VC)

Horizontal cell 

(HC)

Vertical cell 

(VC)

H orizontal 

cell (HC)

Capacitance (F) 1.73E-8 4.57E-10 1.72E-8 4.35E-10

Error' (%) 2 1.8 <0.1% <0.1%

Capacitance 
Ratio (VC/HC)

37.8 ±1.4 39.5±0.1

Even though the theoretical ratio o f  the areas is 1:34±4 and the experim ental 

ratios o f  im pedance values and capacitance values are 1:37.8 (Solartron 2) and 1:39.5 

(Gamry 1), this implies that there is a linear relationship between the sam ple surface area 

ratio and the resulting im pedance and capacitance m easurem ents. A change in the 

working electrode surface area is reflected by a vertical shift in the im pedance plot. The 

fact that there is not exact agreem ent between the theoretical and practical im pedance 

ratios, may reflect the fact that the working electrode in the horizontal cell is more 

occluded and the counter electrode is much sm aller than in the vertical cell, causing the 

horizontal cell to have a relatively higher im pedance than expected.

Since a lower im pedance im plies a proportionally higher current, for a given AC 

voltage, the vertical cell will have higher currents and therefore m uch less signal noise 

than the horizontal cell [57,59], allowing the EIS instrum ents to m easure com fortably 

high im pedances in the vertical cell.

5 The Error estimates are calculated by ZPlot (for Solartron instruments) and EchemAnalyst (for Gamry 
instruments); see section 4.7.
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In this thesis, all plotted values o f  im pedance will be in Ohms (Q ), and the cross- 

sectional area o f  the sample will be given in the caption. To calculate the im pedance for 

a sample w ith a new area, m ultiply the provided im pedance values by the given sample 

area, and then divide by the new area. Im pedance may som etim es have units o f  Q

■y
cm . In these instances, the m easured values are m ultiplied by the cross-sectional area o f 

the sample. In a sim ilar way, capacitances are som etim es quoted in F /cm 2. H owever, in 

this thesis, changes in im pedance will be m easured after sm all defects are introduced into 

the coating samples. In these instances, very large currents can go through these tiny 

defects, i .e. ,  the current density locally becom es extrem ely high, but because the active 

areas o f  the defects are not well known, current densities cannot be calculated, and 

im pedances are not scalable by ratios o f  sam ple areas. Hence, absolute values o f 

im pedance for different defects cannot be directly compared.

5.4.3. Differences in Bode Plot for Good and Poor Coatings

Typically for a coating, at the highest frequency, the im pedance m easured is the solution 

resistance, Rsoi, in series w ith the essentially zero capacitive im pedance o f  the coating, Cc 

(see section 2.5); the slope o f the Bode plot is zero, and the phase angle is zero. Then as 

the frequency decreases, the capacitive im pedance increases and the solution resistance 

becom es negligible; the slope o f  the im pedance plot approaches -1 (on a  log-log scale). In 

the case o f  a polym er film that has resistance pathways tracking through it, e.g., porosity 

or flaws, the slope gradually changes from -1 to 0. As the frequency further decreases, the 

capacitive impedance, Cc, becom es m uch higher than the parallel low er resistance Rc, and 

the im pedance m easured at the low-end o f  the frequency spectrum  is the value o f  Rc. The 

im pedance slope becom es 0, and the phase angle is zero again. In Figure 5-10, the value
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o f  Rc is so high, that it cannot be determ ined from the data; it w ould require 

m easurem ents at much lower frequencies, probably 10'3 Hz, which w ould take a very 

long time. The slope o f  the Bode im pedance plot for the good coating in F igure 5-10 is -1 

(log-log scale) over the whole frequency range, w hereas the slope for the m inim al coating 

or oxide in Figure 5-21 is -1 for only a fraction o f  a decade. This is a way o f 

differentiating between good and bad coatings.

From  Figure 5-19, Figure 5-20 and Figure 5-28, it can be seen that an intact 

coated alum inum  sample has a purely capacitive Bode plot in the frequency range o f 

105 Hz - 0.1 Hz, w ith an im pedance o f  ~108 f l  -  109 Q  at 0.1 Hz. In the phase-angle plot, 

this is dem onstrated by a phase angle o f  -90° in the frequency range o f  105 Hz- 0.1 Hz.

As explained in section 3.3.1, a chem ically active metal w ill have a distinct 

polarization curve. In order to confirm  the state o f  the samples at hand, active 

(flaw ed/corroding samples) versus inactive (intact samples), potentiodynam ic 

experim ents were perform ed after initial EIS data w ere collected.

First, potentiodynam ic data for a high-im pedance polym er, a chem ically-inactive 

system, were collected using the horizontal cell and Solartron 2 as shown in Figure 5-29. 

The applied voltage was cycled betw een -2 V and 1.5 V, and the current density was 

monitored.
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Figure 5-29 Potentiodynamic scan using Solartron 2 for the high-impedance epoxy 
polymer

W ith the changing voltage, there were no changes in the current density; a vertical 

line at 10'11 A /cm 2- 1 0 '10 A /cm 2. This is sim ilar to the potentiodynam ic data collected for 

an open circuit, when leads are not connected to a cell, nor to each other. This gave a 

baseline for what a chem ically inactive potentiodynam ic scan looks like. It was expected 

that an intact coated-alum inum  sam ple should produce a sim ilar plot.

The high-im pedance polym er sample was replaced with a coated alum inum  

sample and potentiodynam ic data w ere collected. As can be seen from  Figure 5-30, the 

potentiodynam ic scan for the intact coated-alum inum  sample is sim ilar to the polym er 

sample. The current density is not changing w ith the applied voltage; it is producing a 

vertical line. This dem onstrates that there are no chem ical reactions taking place on the
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electrode surface. Therefore, an intact coated-alum inum  sam ple should produce a vertical 

line at ~ 1 0 '10 A /cm 2- 10 '11 A /cm 2 in a potentiodynam ic plot.

3

1 (Amps/cm2)

Figure 5-30 Potentiodynamic scan using Solartron 2 for an intact coated-aluminum  
sample.

5.4.4. Effect of Changing Electrolyte Concentration

To investigate the effect o f  changing the electrolyte concentrations on intact coatings, 

EIS data were collected for the intact sam ple o f  Figure 5-30 with tw o different solutions, 

1 M NaCl and 1 M HC1. Figure 5-31 shows the im pedance and phase-angle plots for the 

sample in two different solutions. It can be seen that changing the solution has no effect 

on the EIS data. Since the coating is not flaw ed at the tim e o f  m easurem ent, the solution
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has not penetrated the surface, has not reached the underlying substrate, and has not 

changed the im pedance in any way.
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Figure 5-31 Bode plot using Gamry 1 (HC, 1.0±0.1 cm2) for intact coated aluminum
sample in two solutions, 1 M NaCl and 1 M HC1.

5.4.5. Conclusions

•  A t neutral pH corroding alum inum  readily passivates;

• By changing the sample surface area, the capacitance and im pedance values

change proportionally:

o Using a larger sam ple allows for better flaw  detection which can be 

incorporated as a quality assurance technique; 

o Using a sm aller sample, the probability o f  the presence o f  surface defects 

is lower but this allows local testing o f  the coating quality;

•  EIS can detect corrosion and its severity before it is visually observable;
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•  An intact coated-alum inum  sam ple can be identified by:

o a purely capacitive Bode plot in the frequency range o f  10s Hz -  0.1 Hz; 

o an im pedance o f  ~109 Q  at 0.1 Hz;

o the m easured current density in a potentiodynam ic plot does not change 

with the applied voltage; the plot w ill produce a vertical line at 

1 O'10 A/cm 2-  1 0 '"  A /cm 2; 

o the Bode plot does not change w hen the electrolyte concentration is 

changed.
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Chapter 6. Results for EIS of Coated Aluminum Samples

6.1. Introduction

This chapter presents the results for the EIS experim ents perform ed on the coated 

alum inum  samples. The ability o f  EIS to differentiate betw een intact and flaw ed coatings 

was tested by investigating deliberately dam aged coatings using AC (EIS) and DC 

(potentiodynam ic) methods. To explore the effects o f  varying the pH  and oxygen content 

on the perform ance o f  the coated alum inum  sam ples, aerated and deaerated solutions 

were utilized (explained in section 4.3).

Sodium chloride solutions and hydrochloric acid solutions w ere utilized for the 

testing o f  the coated alum inum  sam ples since they cause rapid corrosion and pitting of 

aluminum when the protective lacquer coating is breached, as discussed in section 3.3.2. 

As will be seen, this generates corrosion currents that are readily detected by our EIS 

instrum entation.

For the verification o f  the results, experim ents w ere perform ed several times, 

using two different corrosion cells (see section 4.8). This chapter w ill only present one set 

o f  data for each condition; m ultiple experim ents on different sam ples showed that all 

results were qualitatively reproducible (for exam ple, see Figure 5-31).

6.2. The Effect of Surface Defects

M any o f  the samples had surface scratches. In order to see if  EIS could detect flaws or 

im perfections in coatings, a num ber o f  experim ents were perform ed using coatings that 

had been deliberately dam aged by introducing a 0.5 cm long surface scratch. EIS data 

along with potentiodynam ic data w ere collected before and after the scratch.
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Figure 6-1 shows the EIS data and Figure 6-2 show the potentiodynam ic data for 

a sample in 0.1 M NaCl (pH 8), before the scratch was introduced. As explained in 

section 5.4.3, the very high im pedance at low frequencies (>109 Q at 0.1 Hz) and the 

constant phase angle o f  -90° over the com plete frequency range are all traits o f  a purely 

capacitive intact sample. The very low m easured current density in Figure 6-2, 

10 '10 A /cm 2-10‘n A /cm 2, confirm s that this sample w as intact.

10: 10*10110”

Frequency (Hz)
  sample before scratch

-100

0

50

Frequency (Hz)

Figure 6-1 Bode plot (using Solartron 2, HC, 1.0±0.1 cm 2) for a coated aluminum  
sample, immersed in 0.1 M NaCl (pH 8), before introducing a surface 
defect. Note the very high impedance at low frequencies, and the 
constant phase angle o f -90°, indicating that this is a good capacitor, 
over the complete frequency range.
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Figure 6-2 Potentiodynamic scan using Solartron 2 (HC, 1.0±0.1 cm2) for a coated 
aluminum sample in Figure 6-1 (before introducing a surface defect). 
This is a low current density, at the detection level o f the potentiostat.

After introducing a scratch onto the surface, EIS and potentiodynam ic data were 

once again collected. The solution was then changed from  0.1 M N aC l (pH 8) to 1 M 

NaCl (pH 8) to see the effect o f changing electrolyte concentration on a flawed sample.

Exam ining the EIS data, it can be seen that the scratch caused dram atic changes. 

From Figure 6-3, it can be seen that the purely capacitive Bode plot (for the intact 

sample) is now  showing Resistive-Capacitive-Resistive behaviour in both the im pedance 

and phase-angle plots (for scratched sample). In the im pedance plot, com pared to the 

intact sample, a great drop in the im pedance values across the whole frequency spectrum
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was observed. The im pedance at 0.1 H z has dropped from ~3 GQ dow n to 200 kCl: 4  

orders o f magnitude.

In the phase plot, at high frequency, the sam ple is resistive, at m id frequency the 

sam ple is capacitive, and at the low frequency the phase angle crosses the zero line for a 

resistor and becom es positive (+25° at 0.1 Hz). This positive phase angle is observed 

w hen the frequency drops to 1 Hz; sim ilar to the kitchen alum inum  foil experim ent in 

Figure 5-22. This is indicative o f  actively corroding alum inum .

By switching to a m ore aggressive solution, 1 M N aC l, there w as yet another drop 

in the impedance, 10 kG  at 0.1 Hz; a drop o f  1 order o f  magnitude. The same trend in the 

im pedance plot, Resistive-Capacitive-Resistive, w as also observed in the phase-angle 

plot.

The drop in im pedance is due to the higher conductivity  o f  1 M  N aC l as opposed 

to 0.1 M NaCl; more Cl' ions are penetrating into the coating and reaching the metal 

substrate. The phase plot is sim ilar for both solutions, but an even m ore positive phase 

angle, +50°, is observed w hen using 1 M NaCl for the electrolyte, as opposed to +25° for 

0.1 M NaCl; this is com parable w ith corroding alum inum  foil in Figure 5-24.
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Figure 6-3 Impedance (12) plot using Solartron 2 (HC, 1.0±0.1 cm ) for a coated 
aluminum sample before a surface scratch in 0.1 M NaCl (pH 8), and 
after introducing a surface scratch (in 0.1 M NaCl (pH 8) and 1 M NaCl 
(pH 8)). Note the drop in impedance by several orders of magnitude 
after the scratch, and by changing solution concentration.
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Figure 6-4 Phase angle plot using Solartron 2 (HC, 1.0±0.1 cm ) for a coated 
aluminum sample before and after a surface scratch, and after changing 
the electrolyte from 0.1 M NaCl (pH 8) to 1 M NaCl (pH 8). Note that 
the magnitude o f the positive phase angle increased with increasing 
solution conductivity.
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Figure 6-5 Potentiodynamic scan using Solartron 2 (HC, 1.0±0.1 cm ) for a coated 
aluminum sample, in 0.1 M NaCl (pH 8) before scratch and in 1 M 
NaCl (pH 8) after a surface scratch.

Looking at the potentiodynam ic data, Figure 6-5, there w ere also dramatic 

changes. The potentiodynam ic curve after the scratch is that o f  a chem ically active 

sample (explained in section 3.3.1). Point A dem onstrates the starting point o f  the 

potentiodynam ic curve. Since the starting potential, -2 V, is lower than the corrosion 

potential, point B, the polarization curve follows a cathodic path until the applied 

potential is equal to the corrosion potential.

As the potential is increased from the corrosion potential (point B), the m easured 

current density increases due to an increase in the rate o f  corrosion. As the potential
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reaches point C, the critical passivation potential, an oxide film form s on the metal 

surface and the m etal transitions from  an active state to a passive state. Due to the 

form ation o f  the oxide film causing passivity o f  the metal, the current density starts to 

decrease at the Flade Nose/potential (Point D).

The Flade potential is generally close to the critical passivation potential, at which 

the metal dissolution occurs at a constant rate and the dissolved film  is im m ediately 

replaced by a new  film and a net balance is m aintained between the dissolution and film 

reform ation; the current density becom es virtually independent o f  potential and rem ains 

virtually stationary. A t this point the scratch is covered by an im perfect passive oxide.

As the potential is farther increased, a sudden and large increase in the current 

density is observed at point E. Typically such a sudden increase in current density is 

indicative o f  pitting [16], starting at the pitting potential. The current density then reaches 

point F, where there appears to be a second Flade Nose. The current density once again 

reaches a steady value as a function o f  potential. The presence o f this feature m eans that 

the alloy has a higher finite corrosion rate at this potential (factor o f  100 higher than at 

E), although the surface again appears to be undergoing som e type o f  passivation process 

or chem istry change [69-71], Since alum inum  does not change valency (it is either 0 or 3) 

this most likely indicates the form ation and repassivation o f  m etastable pits.

As the potential reaches point G, the current density rises again, and is now  in 

excess o f  1 m A /cm 2 indicating a rapidly corroding sample. As point H is reached, the 

current density is observed to be no longer increasing w ith the potential. Spiking o f  the 

m easured current density starts to appear as the applied potential approaches a value o f  

+ 1 V, point I; this is indicative o f  stable pitting occurring in the sample.
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The scan is reversed when the potential reaches a value of +2 V. The loop created 

between the forward and reverse curves is know n as the pitting hysteresis loop. The 

hysteresis is created by the current density difference between the forw ard and reverse 

portions o f  the scan at the same potential. It is a result o f  the change in the corroding 

surface structure, w hich occurred during the increase in potential.

The hysteresis loop can be classified as either positive or negative. Som etim es, 

polarization to more noble potentials m akes the surface m ore passive so that w hen the 

same potential is reached on the return portion o f  the scan, the current density is lower 

because the surface is more passive than during the forw ard scan. H ence, the current 

density is low er and the reverse scan occurs to the left o f  the forward scan. This is a 

“negative” hysteresis loop [41] and is w hat we have in Figure 6-5.

A "positive" hysteresis loop results from the opposite effect. Polarization to more 

noble potentials causes a decrease in passivity, som etim es by the initiation o f  localized 

corrosion (pitting), so that when the sam e potential is reached on the return portion o f  the 

scan, the current density is greater because the surface is less passive. H ence, the current 

density is greater, and the reverse curve is to the right o f the forw ard scan. This 

phenom enon is usually a reflection o f  localized corrosion such as p itting or crevice 

corrosion.

From a practical standpoint, a negative hysteresis usually signifies that the alloy 

will be more resistant to localized corrosion than one which shows a positive hysteresis 

[41]. A large positive hysteresis actually reflects greater difficulty in repassivating an 

actively corroding surface as the potential is decreased back tow ard the corrosion 

potential. The larger is this positive hysteresis loop, the greater is the w ork required to
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restore passivity, and usually the greater is the risk o f  localized corrosion [69-71]. A 

large negative hysteresis loop indicates that the surface is passivating m ore rapidly than 

the original surface before an anodic voltage w as applied, and this surface is likely to 

show less corrosion and less pitting than the original sample, and less than its 

positive-hysteresis counterpart.

In Figure 6-5, after the applied potential is reversed, for a short tim e the return 

scan follows the same spiking path as the upw ard scan, w ith no sign o f  repassivation, 

indicating active corrosion. W hen the potential approaches +1 V, point I, the current 

density is observed to decrease in m agnitude, indicating some repassivation. This is 

followed by a negative hysteresis loop, confirm ing that som e passivation is taking place 

on the surface. Along the return curve, the current density starts to decrease, due to 

repassivation, until it reaches point J know n as the repassivation potential (or protection 

potential) [69-71].

The potentiodynam ic plot shown in Figure 6-5 is very com plicated, how ever, it 

can be concluded that the scratch in the coating allow s the electrolyte to reach the metal 

substrate; chem ical reactions, consisting o f  both general and localized corrosion 

(m etastable/stable pitting), are taking place. It should be noted, how ever, that the pitting 

only occurs at higher im pressed voltages. A t C and D, close to the corrosion potential, B, 

general corrosion and passivation occur.

By looking at Figure 6-6, the N yquist plot prior to introducing the surface scratch, 

a virtually vertical line is observed. Such a curve corresponds to a capacitive element; 

once again confirm ing that the sample w as intact [12].
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Figure 6-6 Nyquist plot using Solartron 2 (HC, 1.0±0.1 cm2) for a coated aluminum  
sample before and after a surface scratch in 0.1 M NaCl (pH 8) and in 
1M NaCl (pH 8) after a surface scratch. The unscratched sample 
behaves like a capacitor (12]. See also Figure 6-7 for a better view of 
the plots for the scratched sample.

The recorded N yquist plots, after the introduction o f  the surface scratch, are not 

clearly visible in Figure 6-6 because o f  the difference in m agnitudes o f  the recorded 

impedances; these curves are enlarged and show n in Figure 6-7.

The N yquist plots o f the scratched sam ples are no longer straight vertical lines, 

but rather form circular plots which indicate a vulnerable corroding m etal substrate, as a 

result o f  a dam aged coating (explained in section 2.5). By changing the solution 

concentration, it is observed that the m agnitude o f  the N yquist plots decrease when the 

solution conductivity is increased. In this case, both the real and im aginary im pedances 

have decreased indicating less protection o f  the m etal by the coating.
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It is also im portant to take note o f  the curves extending below the horizontal axis 

and looping around it; these are pseudo-inductive effects. Such occurrences are attributed 

to active corrosion occurring on the metal substrate. Such pseudo-inductive effects have 

been observed w henever corrosion happens. This was shown earlier in corroding 

alum inum  foil (see Figure 5-25). Such pseudo-inductive effects also have low -frequency 

positive phase angles in Bode plots.
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Figure 6-7 Nyquist plot using Solartron 2 (HC, 1.0±0.1 cm2) for a coated aluminum  
sample after a surface scratch in 0.1 M NaCl (pH 8) and in 1 M NaCl 
(pH 8). Note the pseudo-inductive effects (positive Zimag) observed in 
the plot. Note the decrease in magnitude o f both Zreal and Zimg when 
the electrolyte was more concentrated.

6.3. Experiments in Aerated Solutions

6.3.1. Introduction

This section presents the results o f  a series o f  studies in w hich coated alum inum  samples 

are exposed to aerated solutions. The samples were tested in aerated sodium  chloride
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solutions and aerated hydrochloric acid solutions. These studies w ill be com pared with 

sim ilar studies in deaerated solutions described in section 6.4 to understand the effect o f 

dissolved oxygen

A SEM  image o f an intact coated-alum inum  sample is shown in Figure 6-8. From 

this image, the interior and exterior coatings covering the alum inum  can be seen. As will 

be shown later, the difference betw een intact and dam aged coatings is very apparent in 

the SEM images.

Interior Coating

Aluminum

Exterior Coating

Figure 6-8 SEM image of an intact coated-aluminum sample.
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6.3.1. Neutral Solutions

6.3.1.1. 1 M NaCl (pH 8)

Samples exposed to this solution showed active corrosion at pits and som etim es relatively 

large areas o f  com plete dissolution o f  the alum inum .

A sample was placed in the horizontal cell w ith 1 M  NaCl as the electrolyte and 

EIS data were collected using G am ry 1. Figure 6-9 shows tha t at 0 hours, the im pedance

•j t
o f  this sample is approxim ately 10 Q  at 0.01 Hz, indicating a poorly protective coating 

likely containing a small natural flaw , not visibly obvious.

A fter 1 hour o f  exposure, a dram atic change is observed in the im pedance plot: 

the im pedance increased to > 1010 Q a t 0.01 Hz, and is purely capacitive. Surprisingly, this 

indicates a flaw-free, protective coating. The m ost probable cause for this occurrence is 

diffusion o f  the electrolyte through the existing flaw(s), leading to an oxide layer form ing 

and blocking the conductive path. The surface is com pletely passivated, supporting the 

discussion o f  Figure 6-5. It seems, how ever, that in the case o f  this small flaw, 

passivation is much better than w ith the large scratch (section 6.2). This electrolyte has a 

pH  o f 8 which explains the stability o f  the alum inum  oxide formed (see section 3.3.1).

The same observations can be seen in the phase-angle plot, Figure 6-10. At 

0 hours, the phase plot starts o ff  capacitive w ith capacitive-to-resistive transition 

observed at a frequency o f  1000 H z (also observed in Figure 6-9). A lso, at the low end o f 

the frequency spectrum , spikes were observed indicating some chem ical reactions 

switching on and o ff at the m etal-electrolyte interface. After 1 hour, the phase plot 

dem onstrates a purely capacitive curve, indicated by a phase angle o f  -90° across the 

frequency spectrum. It is also im portant to note that the spikes no longer exist when the

140



conductive paths are blocked. H ence, suggesting that spikes in the Bode plot are indeed 

indicative o f  random  chemical reactions occurring at the surface o f  the metal substrate.
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Figure 6-9 Impedance (12) measurements using Gamry 1 (HC, 1.0±0.1 cm2) for 
coated aluminum sample in 1 M NaCl (pH 8). Note the passivation 
occurring that leads to an increase in the impedance.
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Figure 6-10 Phase angle measurements using Gamry 1 (HC, 1.0±0.1 cm2) for coated 
aluminum sample in 1 M NaCl (pH 8). Note the disappearance of spikes 
and the purely capacitive plot after 1 hour o f exposure.

U pon further exposure, as seen in Figure 6-11 and Figure 6-12, spiking starts to 

appear in both the im pedance and phase plots after 79 hours. Shortly after, at 81 hours, a 

drop is observed in the im pedance plot; > 1 0 10 G dow n to < 109 Q  at 0.01 Hz, indicating a 

breach in the coating. B y looking at the phase plot, the purely capacitive curve at 

79 hours, is now  capacitive-resistive at 81 hours. This confirm s that the coating had been 

penetrated and the solution is reaching the alum inum  substrate and som e chemical 

reaction is taking place.

The im pedance is then observed to rise again at 84 hours, indicating some 

repassivation occurring in the sample. It is also supported by a capacitive phase p lot (at 

84 hours). Two hours later, 86 hours o f  exposure, a  large drop is noted in the im pedance 

plot: dow n to 106 O  at 0.01 Hz, w ith a more resistive phase plot. The changes in
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im pedance and phase angles are indications o f  interm ittent passivation occurring on the 

m etal surface. The im pedance rises and the phase plots are more capacitive due to oxide 

forming on the metal surface. The oxide is not com pletely stable at pH  8 (explained in 

section 3.3.1), it eventually breaks dow n causing the drop in im pedance and the resistive 

values for the phase angles.

The phase and im pedance plots show  that the capacitive to resistive transition 

frequency is, as expected, increasing, which is consisting with an actively corroding 

sample.
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Figure 6-11 Impedance (11) measurements using Gamry 1 (HC, 1.0±0.1 cm ) for 

coated aluminum sample in 1 M NaCl (pH 8). Note the rising and falling 
impedance indicating some intermittent passivation occurring on the 
surface of the metal substrate and intermittent blocking o f the 
conductive paths.
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Figure 6-12 Phase angle measurements using Gamry 1 (HC, 1.0±0.1 cm2) for coated 
aluminum sample in 1 M NaCl. Note the intermittent passivation 
occurring on the surface o f the metal indicated by changes in the phase 
angles from capacitive to resistive, and back to capacitive.

Figure 6-13 and Figure 6-14 dem onstrate the rem ainder o f  the EIS data collected 

for this sample. The im pedance keeps rising and falling, w ith an overall trend to decrease. 

The capacitive-to-resistive transition frequency is also observed to be increasing with 

prolonged exposure.

By exam ining the EIS data, a trend was observed in the im pedance and phase 

plots. W ith exposure, spikes start to appear and increase in m agnitude, and at some point 

a drop is observed in the im pedance plot. A t the new  impedance, the spikes then start to 

shrink and after some time, a sm ooth curve is observed. This is then usually followed by 

an increase in the impedance. This shows that spiking is an indication o f  electrolyte 

penetrating through the coating and reaching the metal substrate. The increased chem ical 

activity leads to current fluctuations leading to these spikes. Once the oxide is also 

breached and pits start to form on the m etal surface, the im pedance drops.
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A lum inum  oxide is somewhat stable at this pH. O xide forming at the pitting sites 

explains the decrease in the m agnitude o f  the spikes. If  the actively corroding sites are all 

blocked by the aluminum oxide, the im pedance is seen to rise: passivation. This can be 

seen in Figure 6-13; the im pedance at 151 hours is greater than at 150 hours, and 

similarly the im pedance at 161 hours is greater than at 160 hours.
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Figure 6-13 Impedance (fi) measurements using Gamry 1 (HC, 1.0±0.1 cm2) for 
coated aluminum sample in 1 M NaCl (pH 8). Note the rise and fall in 
impedance with exposure and the increasing capacitive-to-resistive 
transition frequency.
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Figure 6-14 Phase angle measurements using Gamry 1 (HC, 1.0±0.1 cm2) for coated 
aluminum sample in 1 M NaCl (pH 8). Note the increasing 
capacitive-to-resistive transition frequency with exposure time.

Figure 6-15 was captured w hile the experim ent w as running. A w hite cloud was 

observed near the sample, which is attributed to alum inum  oxide. As m entioned above, 

the samples repassivate for a while but then it appears that the oxide becom es perm eable, 

some oxide is ejected, and the im pedance drops. This interpretation is consistent w ith the 

appearance o f  this oxide cloud. In som e experim ents oxide trees w ere observed to grow 

out o f  pits.

146



Oxide cloud

Figure 6-15 Oxide cloud observed in the horizontal cell (Figure 4-2) during the 
immersion of a coated aluminum sample in 1 M NaCl (pH 8).

D uring the experiment, bubbles w ere observed close to the sam ple as shown in 

Figure 6-16. These bubbles are believed to be hydrogen due to the cathodic process 

(equation 3-7) occuring in the corroding coated alum inum  sample. A nother explanation 

for the apparent interm ittent rising and falling o f  the im pedance could be hydrogen 

bubbles forming in pits and expelling solution and thus causing the im pedance to rise. 

This is considered unlikely because corrosion occurred over such relatively large areas, 

but further investigation is required.
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Bubbles

Figure 6-16 Bubbles on the sample are observed in the horizontal cell (Figure 4-2) 
during the exposure o f a coated aluminum sample in 1 M NaCl (pH 8).

Figure 6-17 shows the final condition o f  the coated alum inum  sample. Several 

pits (dark spots) and through holes (white spots) are observed on the sample. This sample 

failed after a total exposure time o f  161 hours approxim ately.



O-ring

w

Through holes

Figure 6-17 Condition of a coated aluminum sample after exposure to 1 M NaCl 
(pH 8) for 161 hrs in the horizontal cell (Figure 4-2).

6.3.1.2. 0.1 M NaCl (pH 8)

An intact coating was exposed to 0.1 M  NaCl (pH 8). The Bode and phase plots are 

shown in Figure 6-18 and Figure 6-19. As explained in section 5.2.3, Solartron 1 cannot 

m easure im pedances higher than 108 O. It is w orking at its limit, w hich explains the 

spiking occurring in the im pedance and phase-angle plots (Figure 6-18 and Figure 6-19). 

The results for this sample are sim ilar to the sam ple in 1 M  N aC l, but the data

shows a sudden change that was not seen previously. Looking at Figure 6-18, it can be

6 8seen that at 7 hours, the im pedance ‘suddenly’ increases from  10 Q  to 10 Q at 0.01 Hz, 

followed by increased im pedance across the whole frequency spectrum  obtained at 

8 hours. This sudden sustained increase in im pedance suggests that passivation is 

occurring in neutral solutions.
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Figure 6-18 Impedance (£1) measurements using Solartron 1 (VC, 34.0±0.5 cm2) for 
a coated aluminum sample in 0.1 M NaCl (pH 8). Note the sudden 
increase in impedance at 7 hrs, indicating passivation.
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Figure 6-19 Phase angle measurements using Solartron 1 (VC, 34.0±0.5 cm2) for a 
coated aluminum sample in 0.1 M NaCl (pH 8).
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Figure 6-20 and Figure 6-21 show  more o f  the EIS data collected for the sample 

in 0.1 M NaCl. Looking at Figure 6-20, the interm ittent passivation, once again, is 

evident at 16 and 26 hours. It is im portant to note, that w ith prolonged exposure and the 

degradation o f  the sample, the spiking occurring in both the impedance and phase plots, 

is decreasing in magnitude. Also, the capacitive to resistive transition frequency increases 

with sample degradation, as observed before.

l.E+09

l.E+08 1 j

l.E+07

tsj l.E+06

l.E+05

l.E+04

l.E+03 1---------------------------------------------------------------------------------------------------------------------
0.01 0.1 1 10 100 1000 10000 100000

Frequency (Hz)

— 16 hrs —i— 20 hrs —♦—26 hrs — 28 hrs 88 hrs 330 hrs

Figure 6-20 Impedance (£2) measurements using Solartron 1 (VC, 34.0±0.5 cm2) for 
a coated aluminum sample in 0.1 M NaCl (pH 8). Note the sudden drop 
in impedance at 26 hrs suggesting the opening of a conductive path in 
the coating.
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Figure 6-21 Phase angle measurements using Solartron 1 (VC, 34.0±0.5 cm2) for a 
coated aluminum sample in 0.1 M NaCl (pH 8).

This experim ent was perform ed in the vertical cell and it was possible to observe 

the sample surface. As with the experim ent in 1 M N aCl, bubbles occurred on the surface 

which corresponded to the pitting sites. The bubbles are undoubtedly hydrogen gas 

evolving due to the corrosion o f  the metal. Note that changes in the Bode plots were 

observed m uch earlier than any visible changes on the metal surface.

From  the bubbling/pitting sites, a w hite solid was seen to evolve: alum inum  oxide 

forming in the pits. The oxide is not particularly soluble at this pH  level, but it is not 

adherent either. It does not form a physically stable passive film. O ver tim e it is extruded 

from the corrosion sites. This is w hy it w as observed floating in the solution as seen in 

Figure 6-22. This provides an explanation for the interm ittent passivation occuring in the 

EIS data. During corrosion, an oxide film  forms in the pitting sites, but this film  is 

interm ittently penetrated by solution and the oxide is interm ittently extruded from  the pit.



Oxicle trees

Figure 6-22 Oxide trees observed to emerge from pitting sites, in the vertical cell 
(Figure 4-1), during the immersion of a coated aluminum sample in 0.1 
M NaCl (pH 8). Some of the oxide was seen flaoting in the solution

A fter 330 hours o f exposure, the im pedance o f  the sample was between 10 Q. and 

104 Q at all frequencies, which is believed to be a m easure o f the solution resistance, 

dem onstrating a conductive path and total penetration o f  the sample. This is also 

observed in the phase plot by a phase angle o f  0° across the frequency spectrum .

W hen the sample was rem oved, several pits and through-holes w ere observed in 

the surface as shown in Figure 6-23. This sam ple in 0.1 M  NaCl failed after 330 hours, 

while the sam ple in 1 M NaCl failed after 161 hours. This is m ost likely due to the 

different aggressiveness o f  the solutions, and partly due to sample variability.

153



Through holes
A. J

Figure 6-23 Condition o f a coated aluminum sample after exposure to 0.1 M NaCl 
(pH 8) for 330 hours in the vertical cell (Figure 4-1). Pits and through 
holes were found on the surface of the sample.

Figure 6-24 shows a SEM  image o f  a cross-section o f  a pitting site. A round the 

pit, the interior coating still exists, but in the pit, alum inum  and some alum inum  oxide are 

observed. It is likely that some alum inum  oxide w as lost w hen the cross-section was cut.
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Damaged coating

Aluminum

Figure 6-24 SEM image of a pit in the sample exposed to 0.1 M NaCl (pH 8).

The image in Figure 6-25 w as taken at a higher angle and w ithout cutting the 

sample. It shows the condition o f  the sample w here it seem s that a bubble was form ed 

under the coating and had burst. Inside the cavity, alum inum  is observed, but also 

alum inum  oxide (corrosion product) is visible. This agrees with the observation o f  the 

w hite oxide clouds/trees form ing in the pits.

The question arises again as to whether hydrogen accum ulating under the coating 

can provide some passivation-like properties by ejecting solution and lim iting the current 

path (see earlier discussion at the end o f  section 6.3.1.1). This explanation needs more 

investigation.
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Figure 6-25 SEM image of a pit in the sample exposed to 0.1 M NaCl (pH 8).

6.3.2. Acidic Solutions

6.3.2.1. 1 M HC1 (pH 0.1)

After perform ing experim ents at a pH o f ~8, experim ents at the low er end o f  the pH scale 

were done. A sample w as placed in a 1 M  HC1 solution (pH 0.1) and EIS data were 

collected (Figure 6-26). For approxim ately 850 hours, no changes in the im pedance or 

phase plots w ere observed; it was purely capacitive com pared with the sam ples in NaCl 

solutions at pH 8, the coating seem ed to be more resistant under these acidic conditions.
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Figure 6-26 Bode plot (using Gamry 1) for sample in 1 M HC1 (pH 0.1) in HC 
(1.0±0.1 cm2). No changes were observed in the Bode plot for 850 hours.

Figure 6-27 shows the N yquist plot for the sam e intact coating. As expected, from 

the literature [12], such samples should have an alm ost straight vertical line in a N yquist 

plot, which, as an aside, could be used to differentiate between intact and flawed 

coatings.
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Figure 6-27 Nyquist plot (using Gamry 1) for sample in 1 M HC1 (pH 0.1) in HC 
(1.0±0.1 cm2).

The EIS data for a sim ilar experim ent are shown in Figure 6-28 and Figure 6-29; 

another sample in 1 M HC1 (pH 0.1), but now  showing how  the spectra vary w ith time. 

Only after 900 hours was a drop in the im pedance observed, 108 Q  dow n to 106 Q. at 

0.01 Hz. Unlike the samples in N aCl solutions, no passivation w as observed in the 

im pedance plots; the im pedance continuously dropped. N o passivation was expected to 

occur at such a low pH level, because under such conditions, the oxide is unstable and 

soluble, and hence does not form; as discussed in section 3.3.1.

W ith continued exposure, the im pedance continued to drop and the spikes, once 

again, continued to decrease in size. As w ith the sam ples in neutral solutions (section 

6.3.1), the capacitive to resistive transition frequency increased. The sam ple was judged 

to have failed after a total o f 1200 hours o f  exposure, w hich was 300 hours after the first 

drop in im pedance at 900 hours.
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A fter the total penetration o f  the sample, the final im pedance was 100 Q  for all 

frequencies, which is the solution resistance. This is lower when com pared to the 1 M 

NaCl and 0.1 M NaCl solutions, because o f  the increased conductivity o f  pH  0.1 HC1 

solution.
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Figure 6-28 Impedance (12) measurements using Gamry 1 (YC, 34.0±0.5 cm2) for a 
coated aluminum sample in 1 M HC1 (pH 0.1).
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Figure 6-29 Phase angle measurements using Gamry 1 (VC, 34.0±0.5 cm2) for 
coated aluminum sample in 1 M HCI (pH 0.1).

Sim ilar to the samples exposed to NaCl solution, bubbles w ere observed forming 

on the surface o f  the sample. The num ber o f  bubbles and pitting sites, how ever was m uch 

higher com pared to the samples exposed to NaCl (Figure 6-30 and Figure 6-31).
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Figure 6-30 Bubbles starting to form on the surface of a sample exposed to 1 M HC1 
(pH 0.1) in the vertical cell (Figure 4-1).

B ubbles form ing on  
surface (pitting sites)

Figure 6-31 Bubbles on the surface of a sample exposed to 1 M HC1 (pH 0.1) in the 
vertical cell (Figure 4-1).



A fter exam ining the sample, several pits and through holes w ere found on the 

surface, Figure 6-32. A SEM  image was produced for a pitted  site in the sam ple, Figure 

6-33. The image shows that the original coating, w hich initially covered the pitted region, 

no longer exists; unlike the sam ples in N aCl (see F igure 6-25). It appears that in pH 0.1 

acid the coatings m ay have disappeared. This needs further investigation.

Through holes

Figure 6-32 Condition of a coated aluminum sample after exposure to 1 M HC1 (pH 
0.1) for 1200 hours in the vertical cell (Figure 4-1). Many pits and 
through holes formed on the surface.
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Figure 6-33 SEM image of a pit in the sample exposed to 1 M HC1 (pH 0.1). Note 

the state of the coating around the pitting site: Some of the coating 
appears to be missing.

6.3.2.2. pH 2.6 HC1

Once it w as know n how  the samples perform ed in  low pH  environm ents and neutral 

environm ents, the samples were then tested at a pH  near service conditions. HC1 acid 

solution was prepared and the pH was adjusted to a value o f 2.6, w hich is sim ilar to 

canned beverages (as m easured in the laboratory). A  sample was placed in the horizontal 

cell, and EIS data w ere collected using Solartron 2.

Figure 6-34 and Figure 6-35 show  some o f  the EIS data for this sam ple. Upon 

initial im m ersion, this sample had an im pedance o f  >108 Q  at 1 Hz and a phase angle o f 

-90° across the frequency range, indicating an intact coating. O nce again, due to the 

potentiostat being pushed to its measuring limits, spikes w ere observed in the im pedance 

and phase plots.
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After 53 hours o f  im m ersion, a drastic drop w as observed in the im pedance plot, 

109 Q  down to 106 Q  at 0.01 Hz. This early drop in im pedance was indicative that the 

coating had a weak spot that was penetrated by the electrolyte.

The phase plot showed a m ostly resistive behavior which indicated that a  breach 

o f  the coating had taken place and the metal substrate should be under chem ical attack.

Samples exposed to neutral solutions (pH ~8) interm ittently passivated causing the 

im pedance to rise at times, while samples in aggressive acids (pH ~0.1) did not passivate 

at all. The current sample was in a solution o f  pH -2 .6 . U pon exam ining the Pourbaix 

diagram, Figure 3-2, it is not obvious w hether this sample should passivate or not, i .e . ,  

w hether alum inum  oxide is sufficiently stable. By looking at the im pedance plot, Figure 

6-34, at 70 hours, it is noted that the im pedance starts to rise at the low  end o f  the 

frequency spectrum , 0.1 Hz. At 86 hours, the im pedance m easurem ents are com parable to 

the im pedance m easurem ents at 0 hours, indicating the occurrence o f  passivation.

By looking at the data up to 255 hours o f  im m ersion (Figure 6-34-Figure 6-39), 

this sam ple’s perform ance is seen to resem ble that o f  a  sample in neutral solution; 

passivation occurring interm ittently with a general drop in the im pedance and an 

increasing capacitive-to-resistive transition frequency.
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Figure 6-34 Impedance (SI) measurements using Solartron 2 (HC, 1.0±0.1 cm2) for 
coated aluminum sample in HC1 (pH 2.6). Note the drop in impedance 
at 53 hours of exposure, probably indicating a pre-existing flaw.
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Figure 6-35 Phase angle measurements using Solartron 2 (HC, 1.0±0.1 cm2) for 
coated aluminum sample in HC1 (pH 2.6).
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Figure 6-36 Impedance (11) measurements using Solartron 2 (HC, 1.0±0.1 cm2) for 
coated aluminum sample in HC1 (pH 2.6). Note the drop in impedance 
(breach in the oxide) at 138 hrs and the increase in impedance 
(passivation) at 155 hrs.

200

150

100

^  -50

-150 ■—
0.01 0.1 1 10 100 1000 10000 100000 1000000

Frequency (Hz)

" 138 hrs 155 hrs -- ~~ 172 hrs

Figure 6-37 Phase angle measurements using Solartron 2 (HC, 1.0±0.1 cm2) for 
coated aluminum sample in HC1 (pH 2.6).
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A fter 288 hours o f  im m ersion, an increase in the high frequency (>1000 Hz) 

impedance w as observed. This increase in im pedance continued for approxim ately 150 

hours, after which it returned to its original value at 437 hours, Figure 6-38. A t 497 hours, 

the high frequency im pedance increased again and rem ained for the duration o f  the 

experiment; until 650 hours no changes were observed. Such an increase in im pedance 

was also observed w hen alum inum -foil was exposed to 1 M  NaCl, Figure 5-23.

By looking at Figure 6-38 and Figure 6-39, at 288 hours, not only does the high 

frequency im pedance change, but the im pedance and phase plots are increasing in 

complexity. H owever, this was not always observed. D ue to the com plexity o f  the 

impedance and phase plots, and the different kinds o f  corrosion that m ay be occurring, 

several explanations may be hypothesized for such occurrences. For the present 

engineering purposes, it is sufficient to know  that an increase in the com plexity o f  the 

EIS data, corrosion o f  som e kind is occurring: the coating has failed.
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Figure 6-38 Impedance (fl) measurements using Solartron 2 (HC, 1.0±0.1 cm2) for 
coated aluminum sample in HC1 (pH 2.6). Note the increase in high- 
frequency impedance at 288 hrs and the increasing complexity o f the 
plot.
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Figure 6-39 Phase angle measurements using Solartron 2 (HC, 1.0±0.1 cm2) for 
coated aluminum sample in HC1 (pH 2.6). Note the increasing 
complexity in the phase plot.

The experim ent w as stopped after 650 hours o f  exposure to exam ine the sample. 

Several pits were found to have formed on the surface, and a w hite substance was 

observed in these pits; Figure 6-40. It is speculated that this white material is the ‘stable’ 

oxide form ing in the pits. During this experim ent, no oxide cloud was found in the 

solution and the sample was not penetrated.
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Figure 6-40 Condition of a coated aluminum sample after exposure to pH 2.6 HC1 
for 650 hours in the horizontal cell (Figure 4-2). Note the oxide formed 
in the pits. There was no penetration.

6.3.3. DC Polarization

As dem onstrated in section 5.3.5, prelim inary experim ents, the application o f  a DC 

voltage can turn corrosion on or o ff  in the alum inum  foil experim ents. Sim ilar 

experim ents were perform ed with the coated alum inum  samples.

EIS m easurem ents were m ade with an applied DC potential w ith a corroding 

sample in pH 0.2 HC1, Figure 6-41 and Figure 6-42. Before the application o f  the DC 

voltage, the sample had an im pedance o f  104 Q  at 0.1 Hz, and a resistive phase angle o f  

(-0 °) for a wide frequency interval. In the phase plot, spikes were evident at frequencies 

< 10 Hz, w hich is indicative o f  a corroding sample.

Initially, a small DC voltage o f  -0.1 V was applied and EIS data were collected. 

Figure 6-41 shows the im pedance increased over the entire frequency range up to



106 f t  at 1 Hz. Also, once the frequency reached 1 Hz, a sharp rise in the im pedance to 

106 Q was observed. Looking at the phase plot, Figure 6-42, the spikes at the low 

frequencies have disappeared along with the positive phase angles, and capacitive traits 

are observed for a larger portion o f  the plot: capacitive to resistive transition frequency 

decreased.

This experim ent with an applied potential o f -0.1 V w as follow ed by an 

application o f  -1 V DC. The application o f  such a  voltage led to another increase in the 

impedance, >106 f t  at 0.1 Hz. Both the im pedance and phase plots dem onstrated 

capacitive traits for a larger portion o f  the plots (see Figure 2-15). The disappearance o f 

the positive phase angles during cathodic polarization supports the hypothesis that 

positive phase angles and spiking are indicative o f  corrosion (see section 5.3).
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Figure 6-41 Impedance (ft) measurements using Gamry 1 (HC, 1.0±0.1 cm2) 
demonstrating the effects o f applying small DC voltages to coated 
aluminum in pH 0.2 HC1. Note the increase in impedance with the 
application of a cathodic (negative) voltage.
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Figure 6-42 Phase angle measurements using Gamry 1 (HC, 1.0±0.1 cm2) 
demonstrating the effects of applying small DC voltages to coated 
aluminum in pH 0.2 HC1. With the application of a cathodic (negative) 
voltage, spikes disappeared and the phase plots are more capacitive.

6.4. Experiments in Deaerated Solutions

6.4.1. Introduction

In all the EIS experim ents perform ed in aerated solutions, the coatings failed w ithin a 

timefram e varying from instantaneous (flaw ed sam ples), tw o weeks (in neutral pH) and 

two months (in acidic pH). In all cases, pitting was observed, often w ith com plete 

penetration o f  the aluminum.

D uring service, coatings in beverage cans typically display a m uch longer shelf 

life before any failure is observed. These cans contain beverages that are saturated in 

dissolved CO 2 and contain no oxygen. From the literature it is know n that the oxygen 

content has a great effect on corrosion rate (see Section 3.3.2). In order to test the effect
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o f dissolved CO 2 and lack o f oxygen, EIS experim ents were conducted in deaerated 

solutions w ith and without CO 2 .

6.4.2. 1 M NaCl (pH 8) Deaerated with Dry Ice

The first experim ent was conducted in deaerated 1 M NaCl (pH ~8) solution using 

Solartron 1. Dry ice was added until no further bubbling/reaction took  place; the CO 2 

from the dry ice w as assumed to have replaced all o f  the O 2 in the solution. As soon as 

the solution was placed in the corrosion cell, the cell w as sealed and EIS data were 

collected.

Figure 6-43 shows the im pedance plot and Figure 6-44 shows the phase p lot for

<>
the sample in deaerated 1 M N aCl. This sample had a starting im pedance o f  10 O  at 

0.01 Hz and a phase plot o f -90° for the frequency range down to 10 Hz. Spikes are 

observed in both plots at frequencies below  10 Hz, but as m entioned earlier in section

5.2.3, these spikes arise due to the potentiostat trying to produce m easurem ents beyond 

its capabilities.

Sam ples exposed to 1M N aCl norm ally fail w ithin two w eeks o f  exposure, 

however, no indicators o f  coating penetration w ere observed in either the im pedance plot 

or the phase-angle plot. Usually, the im pedance starts to drop at the low  frequency end 

and an increase in the capacitive to resistive transition frequency is observed. In this case 

however, a small shift in the entire plot w as observed in the im pedance plot. It seemed 

that the im pedance values were slightly decreasing across the frequency spectrum , but the 

im pedance rem ained capacitive.

Such a decrease in the im pedance m ay indicate an increase in the capacitance of 

the sample, given by equation 2-16. Several factors can contribute to the increase in C: an
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increase in the dielectric constant e  or a decrease in coating thickness d .  Both factors are 

plausible. A n increase in the dielectric constant can be the result o f  electrolyte diffusing 

into the coating. A decrease in the effective thickness can result from an attack on the 

coating. However, the most probable cause for this occurrence is electrolyte penetrating 

the coating, but due to the lack o f  oxygen, no corrosion has happened.
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Figure 6-43 Impedance (£2) measurements, using Solartron 1 (HC, 1.0±0.1 cm ), for 

coated aluminum sample in deaerated 1 M NaCl (pH~8). Note the 
downward shift in the impedance plot with exposure.
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Figure 6-44 Phase angle measurements, using Solartron 1 (HC, 1.0±0.1 cm ), for 

coated aluminum sample in deaerated 1M NaCl (pH~8).

6.4.3. 1 M NaCl (pH 8) Deaerated with Nitrogen Gas

Sim ilar to the previous section, a sam ple was tested in deaerated 1 M  NaCl (pH~8) 

solution. This time, the solution was deaerated with the use o f  N 2 gas. The im pedance and 

phase plots are shown in Figure 6-45 and Figure 6-46. This sam ple had a starting 

im pedance o f  108 Q at 0.01 Hz and a phase angle o f  -90° for the entire frequency 

spectrum. Once again, spikes are observed in the plots due to the m easuring lim itations o f 

the instrum ent at 108 Q.

For 1650 hours, no drops were observed in the im pedance plot, except for a slight 

downward shift in the im pedance; sim ilar to the previous section. Tw o explanations were 

hypothesized for the shift in the im pedance, a change in the effective dielectric constant 

or a change in the effective thickness o f  the coating. This kind o f  change w ith the
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im pedance slowly dropping over the whole spectrum  was not observed in any o f  the 

previous experim ents in aerated neutral solutions.
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Figure 6-45 Impedance ( l i )  measurements, using Solartron 1 (HC, 1.0±0.1 cm2), for 
coated aluminum sample in deaerated 1 M NaCl (pH 8). Note the 
downward shift in impedance between 0 and 1650 hours o f exposure. 
After aeration of the solution at 1657 hours, a large downward shift is 
observed in the impedance plot, 1657 hours, after which it shifted back.

After 1650 hours o f  exposure, the experim ent was paused and the solution was 

aerated. EIS data at 1657 hours w ere collected as soon as the aeration process was 

complete. As shown in the im pedance plot, after aeration, a  significant dow nw ard shift 

was observed over the whole im pedance curve. It appears that the capacitance o f  the 

coating suddenly increased and the coating resistance decreased. W hen the aeration 

process was started, the bubbled oxygen m ight have caused some passivating oxide to be 

blow n away from the surface causing a drop in the im pedance across the frequency 

spectrum.
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N ow  that the electrolyte was saturated with oxygen, in view o f  previous results in 

sections 6.2 and 6.3, one would anticipate corrosion to occur. As Figure 6-45 and Figure 

6-46 dem onstrate, soon after aeration, all the corrosion indicators could be observed: the 

low  frequency impedance started to  decrease; spiking occurred in the im pedance and 

phase plots; the capacitive-to-resistive transition frequency increased; and positive phase 

angles appeared.
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Figure 6-46 Phase angle measurements, using Solartron 1 (HC, 1.0±0.1 cm2), for 
coated aluminum sample in deaerated 1M NaCl (pH 8). After aeration 
of the solution, a more resistive phase plot is observed, 1657 hours, 
which went back to being capacitive at 1660 hours.

During this experiment, gas bubbles and a white oxide cloud w ere observed only 

after aeration o f  the electrolyte. In addition, interm ittent passivation w as observed in the 

EIS data. A fter 2500 hours o f exposure, the im pedance indicated sam ple failure.

U pon inspection o f  the sam ple, it was found that the alum inum  betw een the 

exterior (public side) and interior (beverage side) coatings had disappeared com pletely,
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Figure 6-47. Since the sam ple is bound by an O-ring, producing a com pressive boundary, 

the solution was stopped at this boundary from  travelling further across the sample and 

causing more corrosion.

The com plete disappearance o f  the alum inum  between the layers o f  coating is 

strong evidence for an acidic solution being produced in the actively corroding area 

where access to the bulk neutral pH solution is limited. This is in agreem ent w ith articles 

in the literature [14-16, 68],

Interior/Exterior coating

Figure 6-47 Condition of a coated aluminum sample after exposure to 1 M NaCl (pH 
8) for 2500 hours in the horizontal cell (Figure 4-2). Initially the solution 
was deaerated with N2 gas, then aerated after 1650 hours. Note that all 
the aluminum corroded away and only the coating on both sides was 
left. This is consistent with the build up of an acid solution between the 
two coating layers.

From this experiment, it can be seen that deaerating the electrolyte caused the 

corrosion process to stop and re-aerating the electrolyte caused corrosion. Referring to
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Figure 3-5, the passive zone where no corrosion is to occur is represented by lines 4-5. 

This means that the starting point, before the deaeration process, m ust be on lines 6-7; 

above the pitting potential. Pitting has occurred in all EIS experim ents with aerated 

coated alum inum  sam ples, suggesting that in all cases the oxidizer level produced 

conditions in the samples above the pitting potential.

6.4.4. 1 M HC1 (pH 0.1) Deaerated with Dry Ice

As shown in section 6.3.2, samples in aerated acidic solutions start to fail only after a 

long exposure time. To test the sam ples in deaerated acid solutions, it w as decided to start 

with a flawed sample, otherwise, the experim ents m ight run for a long time. I f  the 

deaeration o f  acid was to have an effect on corrosion, then it was hoped that these effects 

would appear in the EIS data even for a flaw ed sample.

A 1 M HC1 (pH 0.1) solution was deaerated w ith dry ice and EIS data were 

collected as shown in Figure 6-48 and Figure 6-49. Since this sample was flawed to start 

with, as expected, the im pedance m easurem ents were low  (105 Q. at 0.01 Hz) and the 

phase plot is m ostly resistive. Both plots showed spiking and positive phase angles were 

observed in the phase plot. These spikes are real, since the instrum ent is well w ithin its 

com fortable m easuring zone, and they arise due to corrosion currents.

A fter the deaeration o f  the solution, the im pedance continued to drop and the 

capacitive to resistive transition frequency increased; the sample failed in a manner 

similar to samples exposed to aerated acid solutions. The EIS data for this sample 

dem onstrate that deaeration o f  the acid solution had no m easureable effect on the 

corrosion process once it was ongoing. N o passivation or repassivation could occur in 

this strong acid solution. Once a flaw  is there, there is no m echanism  to stop corrosion.
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Figure 6-48 Impedance (ft) measurements, using Solartron 1 (VC, 34.0±0.5 cm ), for 
coated aluminum sample in deaerated 1M HC1 (pH 0.1).
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Figure 6-49 Phase angle measurements, using Solartron 1 (VC, 34.0±0.5 cm2), for 
coated aluminum sample in deaerated 1 M HC1 (pH 0.1).
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6.5. Experiments on Formed Can-Ends

The study o f  can ends is in its prelim inary stages. A ttem pts to study can ends using the 

available corrosion cells were unsuccessful due to configuration issues. Currently, 

modifications are being im plem ented into both corrosion cells so that can ends can be 

accommodated.

As explained in section 4.2, can ends w ith tw o different coatings w ere available 

for testing. Sam ples o f each w ere placed in a fum e hood and filled w ith 1 M HC1 (pH 

0.1). D iscoloration, bubbles on the surface, and pitting were recorded. D ata are 

summarized in Table 6-1.

Table 6-1 Observations from placing can ends in 1 M HC1 solution

Exposure in days
Observations

C oating 1 C oating 2

0 Samples placed in acid

3 Bubbles on surface Slight discoloration

8 Pitting on surface N o change

10 N o change Few bubbles on surface

17 N o change Pitting on surface

A lthough it did not change colour, the sample w ith coating 1 w as actively 

corroding after only 3 days, as evidenced by gas bubbles on the surface. It was readily 

apparent that all the corrosion sites were associated with the stam ping on the can end 

(Figure 6-50). It appears that corrosion is more likely to occur at sites where the coating 

has been strained.
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Day 3 Day 8

Figure 6-50 Sample with coating 1 showed the start o f corrosion within 3 days. The 
corrosion sites, indicated by gas bubbles, are all in areas stressed by 
stamping of the can end.

On the other hand, the sample w ith coating 2 showed discoloration after 3 days. 

Bubbling on the surface was observed after 10 days and pitting w as observed after 17 

days. Once again, it was readily apparent that all the corrosion sites w ere associated with 

the stam ping on the can end (Figure 6-51). It appears that corrosion is more likely to have 

happened at sites where the coating has been strained.
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Day 3 Day 17

Figure 6-51 Sample with coating 2 showed discolouration after 3 days and pitting 
after 17 days.

6.6. Conclusions

6.6.1. Conclusions from the Deliberate Flaws Experiments

• An intact coated-alum inum  sample can be identified by:

o Purely capacitive Bode and N yquist plots in the frequency range of 

105 H z-0.1 Hz; 

o An im pedance o f  >108 Q  at 0.1 Hz;

o The measured current density in a potentiodynam ic plot does not change 

with the applied voltage; the plot w ill produce a vertical line at 

10'10 A /cm 2- 1 0 'n A /cm 2; 

o The Bode plot does not change when the electrolyte concentration is 

changed.

• A flawed coated-alum inum  sample can be identified by:
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o The Bode plots are no longer purely capacitive, but are resistive- 

capacitive-resistive (high frequency -> low frequency). Pseudo-inductive 

positive phase angles are observed at low  frequencies (<1 Hz) in the phase 

plot, and loops w ith positive im aginary im pedances are observed in the 

N yquist plots;

o The im pedance is sm aller than an intact sam ple by orders o f  magnitude, 

being only 104 H -106 Q. at 0.1 Hz; 

o W ith increasing electrolyte concentration, the im pedance drops, the 

m agnitude o f  the low -frequency positive phase angle increases and the 

N yquist curves decrease in m agnitude; 

o In a potentiodynam ic plot, the m easured current density is large (up to 

1 m A /cm 2) and is strongly dependent on the applied voltage; corrosion can 

be clearly observed; 

o As the DC voltage is increased, large and sudden increases in current 

dem onstrate pitting corrosion; some pits are m etastable and repassivate, 

w hile others are stable and do not repassivate; 

o The size and direction (positive/negative) o f  the hysteresis loop in a 

potentiodynam ic plot indicates the extent o f  corrosion occurring in the 

sample, and the ease o f  repassivation; 

o At neutral pH, samples attem pted to repassivate and corrosion was slowed 

dow n by incom plete passivation.
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6.6.2. Conclusions from Experiments in Aerated Solutions

• For each solution, coated alum inum  sam ples had sim ilar failure times:

o Instantaneous for flawed samples;

o Up to two weeks for sam ples in neutral pH;

o Up to two m onths for sam ples in acidic solutions (the c o a t in g s  w e r e  m o r e

r e s i s ta n t  to  a c id ) .

•  Indicators o f  corrosion were the same for all samples:

o Spiking at low frequencies;

o D rop in low  frequency im pedance (10 8 Q  -> 106 Q at 0.1 Hz); 

o A n increasing capacitive to resistive transition frequency; 

o Inductive effects: positive phase angles in  the phase plots at low 

frequencies and inductive loops in the N yquist plots; 

o Increase in the high-frequency (>1 kHz) im pedance attributed to stable

oxide form ation and loss o f  alum inum  which alters the coating capacitance

values (observed for some o f  the experim ents); 

o A dow nward shift in the im pedance plot (observed for some o f  the 

experim ents- see Figure 6-43 and Figure 6-45); 

o Increased com plexity o f  the Bode plots (new inflections and peaks 

observed for some o f  the experim ents, see Figure 6-38 and Figure 6-39).

•  EIS provided data that coincide with literature data:

o Som e passivation occurred in neutral pH solutions (unstable oxide 

formed);

o N o passivation occurred in low-pH solutions (no oxide formed);
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o Som e passivation occurred and stable-oxide form ed in m id-range pH.

• DC polarization can be used to turn corrosion on and off; observed in sections

5.3.5 and 6.3.3;

» In service-condition pH solutions, spikes and positive phase angles still appeared 

but the drop in im pedance is slow er when com pared to samples exposed to acidic 

and alkaline electrolytes; coatings are m ore resistant for service conditions;

• The presence o f  oxygen elevates the alum inum  potential into the pitting region.

3. Conclusions from Experiments in Deaerated Solutions

• In neutral pH, deaeration o f  the electrolyte com pletely prevents corrosion from 

occurring. A fter aeration o f  the solution, the sam ples rapidly failed;

• In deaerated solution, the alum inum  is in the passive region below  the pitting 

potential;

•  D eaeration o f aggressive acidic solutions (pH  0.1) does not hinder corrosion;

•  No passive oxide form s in acidic solutions;

• W ith extended exposure, more indicators are observed in the Bode plots:

o Shift in the im pedance plot (large drop after aeration o f  the solution); 

o O ccurrence o f  increased com plexity (new inflections and peaks) in the 

Bode plots.

.4. Conclusions from Can-End Experiments

•  Corrosion sites were associated with the stam ping on the can end;

• Corrosion is more likely to have happened at sites where the coating has been 

strained.



6.6.5. General Conclusions

•  Both EIS and potentiodynam ic scans can be used to differentiate betw een an 

intact and a flawed sample;

•  Both EIS and potentiodynam ic scans can detect corrosion and its severity before it 

is visually observable;

•  Initially unflawed samples last longer in acid solutions than in neutral solutions;

•  Samples rem ain intact longer in deaerated solutions than aerated;

•  There are clear signatures for corrosion in Bode and N yquist plots. Sometimes 

these signatures are com plex and cannot be quantitatively understood, but they do 

indicate corrosion o f  flawed samples;

•  Several kinds o f  corrosion occur, uniform , stable and m etastable pitting, and 

corrosion confined between coating layers. It appears that acid solutions occur 

locally between the coating layers w hen the alum inium  is eaten away by corrosion 

in this confined space;

•  Several param eters, such as the vertical shift in the im pedance plot and increasing 

high-frequency im pedance (Figure 6-38 and Figure 6-43) have not been fully 

explored. Further experim entation is required to fully understand the m eaning o f 

these occurrences;

• Indicators o f  corrosion were observed in the EIS data before they were visually 

observable on the surface o f  the samples. Spikes in the Bode plots and drops in 

im pedance occurred before bubbles, oxide trees/clouds, or pits were visible in the 

corrosion cells;
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•  W ith the use o f  EIS and potentiodynam ic scans, together or separately, a specific 

testing procedure can be form ulated to test coatings;

•  The application o f  a positive DC voltage during an EIS scan m akes the 

investigation more sensitive to defects.
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Chapter 7. Conclusions and Recommendations

7.1. General

The integrity o f  an alum inum  beverage or food can depends on a polym eric coating 

(lacquer) that protects the can from a chem ical environm ent containing highly aggressive 

solutions. W ithout this protective coating, cans w ould rapidly fail by corrosion within 

minutes. Epoxy resins are used as a protective coating in m etal-based food and beverage 

cans. Bisphenol-A  (BPA) is used as an interm ediate in the production o f  epoxy resins. 

BPA can m igrate from cans w ith epoxy coating into foods, especially at elevated 

tem peratures (for exam ple, for hot-fill or heat-processed canned foods).

BPA is one o f  the 23,000 chem ical substances on the CEPA (Canadian 

Environm ental Protection Act) D om estic Substance List (DSL) identified for further 

evaluation under governm ent o f  Canada's Chem ical M anagem ent Plan (CMP). 

Bisphenol-A, along w ith approxim ately 200 other chem icals, was identified as a high 

priority under the Governm ent's Chem icals M anagem ent Plan; it w as identified as a 

chem ical that could affect reproduction. The risk assessm ent perform ed by Elealth 

Canada confirm s that exposure levels are below those that could cause health effects, 

however, due to the uncertainty raised in some studies relating to the potential effects o f 

low levels o f  Bisphenol-A, the G overnm ent o f Canada is taking action to enhance the 

protection against BPA. Besides the effects o f  exposure to BPA, Environm ent Canada 

has identified concerns about the levels o f  Bisphenol-A  that are being released to the 

environm ent. Thus, new  regulations are currently being im plem ented and Health 

Canada's Food Directorate continues to place a high priority on the tim ely evaluation o f 

pre-m arket subm issions for BPA-free can coatings. This would m ean that the coatings
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currently used to protect food and beverage m ust be replaced by new  form ulations. At 

present there is no fast and convenient m ethod to ratify coatings before or during service, 

or to test new form ulations.

This has initiated a need to develop, test and use new  form ulations o f 

coatings/lacquers, which are as yet untested. The objective o f  this on-going research is 

prim arily to develop detailed, standardized, accelerated-testing techniques and protocols 

using Electrochemical Im pedance Spectroscopy (EIS), along with other electrochem ical 

techniques, to evaluate the durability o f  Can End Stock (flat stock and converted ends).

EIS is a very powerful technique that can be used to study the structure o f  very 

high im pedance coatings on materials, and m onitor their degradation and failure. Cracks, 

holes, pores and blisters are all detectable w ith EIS from  earlier in their history than by 

any non-electrochem ical method. This m ethod will enable evaluation o f  new  coatings in 

a much shorter tim efram e (weeks) than can currently be done with other techniques. The 

signatures in the EIS spectra that are quantitative indicators o f  coating failure and 

corrosion have been identified. A prelim inary testing procedure has been developed and 

upon com pletion o f future testing, robust laboratory procedures to perform  these 

m easurem ents will be finalized.

The main experim ental m ethod used in this research is EIS, com plim ented with 

Potentiodynam ic scans. The research was carried out in three m ain stages. Stage 1, 

Preliminary Experim ents (Chapter 5), was perform ed to determ ine if  available EIS 

instrum ents are functional and produce consistent data. Samples included test circuits, 

fuel cells, kitchen alum inum  foil, coated alum inum  sam ples and a high-im pedance epoxy
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polymer. Samples ranged from com pletely non-corrosive to highly corrosive. Signatures 

for corrosion and deteriorating coatings were recorded.

Stage 2 o f  the testing involved perform ing EIS experim ents in aerated solutions 

(sections 6.2 and 6.3). The effects on the coated-alum inum  sam ples o f  continuous 

exposure to different aggressive solutions, containing varied pH levels and salt 

concentrations were investigated. The signatures for corrosion w ere confirm ed. These 

studies also established the background for the developm ent o f an accelerated testing 

procedure for alum inum  lacquers.

Stage 3, the final stage, involved EIS experim ents in de-aerated solutions (section 

6.4) During Stage 1 and Stage 2 testing, sam ples failed in tim es varying from  a few  days 

to a few weeks, while in practice, in the field, sim ilar cans last a very long tim e before 

they fail. Since in service conditions the coated-alum inum  samples are exposed to de

aerated environm ents, the effects o f  such conditions were explored to help understand the 

prolonged service life o f  alum inum  beverage cans.

7.2. Conclusions from Preliminary Experiments

• Instrumentation Analysis: Two instrum ents w ere used for the gathering o f  EIS 

spectra: a Solartron 1260 im pedance gain/phase analyzer (Solartron 1), and a 

Gamry PC4/300 (Gamry 1). Later in the investigation, a Solartron 1287 

potentiostat w ith a Solartron 1255 gain/phase analyzer (Solartron 2) and a second 

Gamry PC4/300 (referred to as G am ry 2) were used for data com parison and 

verification, and to perform  the DC experim ents.

o All the instrum ents have varying operational limits, w ithin w hich they all 

w ork well and provide consistent and reproducible results;
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o For the Gam ry systems, it is very im portant to ensure that the cables used for 

the EIS m easurem ents do not produce phantom  peaks in the phase angle 

spectra. These peaks arise when the current-gain am plifier changes its range, 

and m ay be associated with inductance in the leads, because this sudden 

current change produces a m arked positive spike in the phase angle;

o Gamry 1 and Gam ry 2 are very well suited to  measure EIS spectra for all

1 0kinds o f  samples over a w ide range o f  frequencies; up to 10 Q  at 0.1 Hz. 

Solartron 2 is capable o f  providing reliable results for im pedances up to 

1010 Q at 0.1 H z while Solartron 1 is able to measure im pedances up to 108 Q 

at 0.1 Hz;

o From the low im pedance fuel cell experim ents, it was determ ined once again 

that all the systems were reliable and provided essentially the sam e results.

•  Corrosion

o Prelim inary corrosion indicators w ere identified during the degradation o f 

kitchen alum inum  foil samples. It was observed that as increasing degradation 

and corrosion occurred with time, the capacitive-to-resistive transition 

frequency increased and there w as a significant jum p in the phase angle at low 

frequencies to positive values. These effects correlated w ith coating 

degradation;

o W ith the application o f  cathodic polarization, which is know n to stop 

corrosion by dropping the potential below  the corrosion potential into the 

im m unity region, the inductive effects disappeared. This supports our 

assertion that inductive effects indicate corrosion;
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o In the EIS spectra, unexpected changes in the high frequency im pedance were 

observed; the im pedance slightly increased w ith exposure; this m ay be due to 

the disappearance o f  alum inum  m etal in between the layers o f  protective 

polymer;

o At neutral pH corroding alum inum  readily passivates;

• Sample surface area

o By changing the sam ple surface area, the capacitance and im pedance values 

change proportionally; 

o U sing a larger sam ple allows for better flaw  detection w hich can be 

incorporated as a quality assurance technique; 

o Using a sm aller sample, the probability o f  the presence o f  surface defects is 

lower but this allows local testing o f  the coating quality;

7.3. Conclusions from Experiments in Aerated Solutions

• An intact coated-alum inum  sam ple can be identified by:

o Purely capacitive Bode and N yquist plots in the frequency range o f 

105 Hz-0.1 Hz; 

o An impedance o f  > 108 Q  at 0.1 Hz;

o The m easured current density in a potentiodynam ic plot does not change 

with the applied voltage; the plot will produce a vertical line at 

10'10 A/cm 2- 1 0 '"  A /cm 2; 

o The Bode plot does not change when the electrolyte concentration is 

changed.
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•  A flawed coated-alum inum  sam ple can be identified by:

o The Bode plots are no longer purely capacitive, but are resistive- 

capacitive-resistive (high frequency -> low  frequency). Pseudo-inductive 

positive phase angles are observed at low frequencies (<1 Hz) in the phase 

plot, and loops w ith positive im aginary im pedances are observed in the 

Nyquist plots;

o The im pedance is sm aller than an intact sam ple by orders o f  m agnitude, 

being only 104 Q. -106 at 0.1 Hz;

o W ith increasing electrolyte concentration, the im pedance drops, the 

m agnitude o f  the low -frequency positive phase angle increases and the 

Nyquist curves decrease in m agnitude; 

o In a potentiodynam ic plot, the measured current density is large (up to 

1 m A /cm 2) and is strongly dependent on the applied voltage; corrosion can 

be clearly observed; 

o As the DC voltage is increased, large and sudden increases in current 

dem onstrate pitting corrosion; some pits are m etastable and repassivate, 

while others are stable and do not repassivate; 

o The size and direction (positive/negative) o f  the hysteresis loop in a 

potentiodynam ic plot indicates the extent o f  corrosion occurring in the 

sample, and the ease o f  repassivation; 

o At neutral pH, sam ples attem pted to repassivate and corrosion was slowed 

down by incom plete passivation.
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For each solution, coated alum inum  sam ples had sim ilar failure tim es: 

o Instantaneous for flawed samples; 

o Up to tw o weeks for sam ples in neutral pH;

o Up to two m onths for sam ples in acidic solutions (the c o a t in g s  w e r e  m o r e  

resistan t to  a c id ) .

Indicators o f  corrosion w ere the same for all samples: 

o Spiking at low frequencies;

o Drop in low frequency im pedance (108 -> 106 Q at 0.1 Hz);

o An increasing capacitive to resistive transition frequency; 

o Inductive effects: positive phase angles in the phase plots at low 

frequencies and inductive loops in the N yquist plots; 

o Increase in the high-frequency (>1 kHz) im pedance attributed to stable 

oxide form ation and loss o f  alum inum  which alters the coating capacitance 

values (observed for som e o f the experim ents); 

o A downward shift in the im pedance plot (observed for some o f  the 

experim ents- see Figure 6-43 and Figure 6-45); 

o Increased com plexity o f  the Bode plots (new inflections and peaks 

observed for some o f  the experim ents, see Figure 6-38 and Figure 6-39).

EIS provided data that coincide w ith literature data:

o Some passivation occurred in neutral pH  solutions (unstable oxide 

formed);

o No passivation occurred in low-pH solutions (no oxide form ed); 

o Some passivation occurred and stable-oxide formed in m id-range pH.



• DC polarization can be used to turn corrosion on and off; observed in sections

5.3.5 and 6.3.3;

• In service-condition pH solutions, spikes and positive phase angles still appeared 

but the drop in im pedance is slow er w hen com pared to samples exposed to acidic 

and alkaline electrolytes; coatings are more resistant for service conditions;

• The presence o f  oxygen elevates the alum inum  potential into the pitting region.

7.4. Conclusions from Can-End Experiments

• Corrosion sites w ere associated with the stam ping on the can end;

• Corrosion is m ore likely to have happened at sites where the coating has been 

strained.

7.5. Conclusions from Experiments in Deaerated Solutions

• In neutral pH, deaeration o f  the electrolyte com pletely prevents corrosion from 

occurring. After aeration o f  the solution, the sam ples rapidly failed;

•  In deaerated solution, the alum inum  is in the passive region below  the pitting 

potential;

•  Deaeration o f  aggressive acidic solutions (pH 0.1) does not hinder corrosion;

•  No passive oxide forms in acidic solutions;

•  W ith extended exposure, m ore indicators are observed in the Bode plots:

o  Shift in the im pedance plot (large drop after aeration o f  the solution); 

o Occurrence o f increased com plexity (new inflections and peaks) in the 

Bode plots.
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7.6. General Conclusions

• EIS can be utilized as a tool for fast indication of a protective coating versus

a flawed coating. It can be used as a quality assurance test.

o A protective coating w ill have a purely capacitive Bode plot and no

changes in current density w ith the applied voltage in a potentiodynam ic 

plot;

o A flawed coating will have a resistive-capacitive-resistive Bode plot and

in a potentiodynam ic scan w ill have large changes in current w ith the 

applied voltage. A totally penetrated coating will have a low  im pedance 

resistive Bode plot;

o By changing the electrolyte concentration, large changes in the Bode plot

will be observed for a flawed coating, w hile for an intact coating, no 

changes will be observed.

• EIS can be used to detect degradation/corrosion before it is visually

observable. Changes in EIS data are observed long before any indications

are observed in the corrosion cell. EIS corrosion indicators include:

o Spikes in im pedance and phase plots;

o An increasing capacitive to resistive transition frequency;

o Inductive effects such as positive phase angles;

o Transitions in the im pedance plot (generally downwards);

o An increase in the high frequency im pedance;

o Increased com plexity in the Bode plots;
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o Running EIS and polarization sim ultaneously has show n that spikes in 

im pedance and phase-angles plus positive phase angles occur when a 

sample is corroding. Cathodic polarization turns corrosion off, and when it 

was applied, the im pedance increased, while spiking and positive phase

angles were all dim inished, im plying that these effects are related to

corrosion;

o Drops in im pedance only occurred after spiking had been observed;

o Increases in im pedance (passivation) w ere observed after the spikes

disappeared. It seems that spikes correlate w ith the form ation o f  flaws 

(pits) and once these pits are blocked due to the oxide (actually observed 

during experim ents), the im pedance increased once again.

• Using a single parameter, such as low frequency impedance, to rank coatings 

is not very practical

o In the passivation region, EIS data has shown that the im pedance

periodically falls and rises with time, probably due to form ation o f  oxides 

on the metal surface. The form ed oxide blocks the pore/flaw s/pits and 

stops conduction between the electrolyte and the metal substrate; 

o Both drops and rises in low-frequency im pedance can happen w hen 

chem istry occurs at the m etal/oxide/solution interface, therefore low- 

frequency im pedance m easurem ents can be confounded by chem istry, 

meaning that individual m easurem ents may not be good indicators o f  the 

coating quality;

198



o U sing the low  frequency im pedance as an indicator is not practical due to 

oxide formation. The value o f  low frequency im pedance at one particular 

tim e is not indicative o f  the protective quality o f  the coating but rather the 

availability o f  a conduction path betw een the electrolyte and the metal 

substrate.

•  The testing conditions greatly affect the performance of the coated aluminum  

samples. During testing, some samples failed in as little as a few days, while 

others lasted several months.

o Sam ples lasted longer in acid solutions than in neutral solutions, contrary 

to expectations, because protective alum inium  oxide does not form at low 

pH;

o Sam ples last m uch longer in deaerated neutral solutions than in aerated 

solutions;

o The time to failure o f the samples depended on:

■ the pH;

* presence o f  oxygen;

■ Concentration o f  C1‘ ions.

• EIS can provide an insight on the type o f corrosion occurring in the sample; 

different signatures can be observed for different types o f corrosion

o The sudden appearance o f  inductive effects and spiking in the Bode plots 

indicate the form ation o f  pitting in the sample. D epending on the testing 

conditions, oxide might form on the surface and the m etastable pits 

becom e clogged. On the other hand, if  a com pact oxide layer is unable to
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form, the m etastable pits becom e stable pits after w hich large drops are 

observed in the Bode im pedance plots.

7.7. Recommended Testing Procedure

The following conditions are recom m ended to be used for testing new  coatings:

• Potentiostat: The potentiostat w ith the highest m easuring capabilities is the 

Gamry PC4/300. A t the same tim e, a Solartron 1287 potentiostat w ith a Solartron 

1255 gain/phase analyzer can also be used. H owever, a standalone Solartron 1260 

will have noise in the Bode plots, at the low frequencies, for high im pedance 

samples and therefore not recom m ended for use;

• Corrosion cell: Either the vertical or the horizontal cell can be used for 

perform ing EIS experim ents. One advantage o f  the vertical cell is the visibility o f  

the sample under test. Also one is m ore likely to locate defects, because it uses 

large samples. However, depending on the quality o f  the coating, it is som etim es 

difficult to find a defect-free sample for use with this cell. Since sam ples in the 

horizontal cell are m uch smaller, com pared to the vertical cell, finding a 

defect-free sample is an easier task. A big disadvantage is that the surface o f  the 

corroding sample cannot readily be seen.

•  Testing Conditions: The aim  o f this testing procedure is to test several coatings 

in the shortest time possible. This can be achieved by:

o using a solution o f  aerated 1 M NaCl (pH 8) as the electrolyte; 

o collecting EIS data in the frequency range o f  10 '1 Hz -105 Hz; 

o collecting EIS data w ith an AC excitation o f  20 mV and 1 V DC;
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7.8. Recommendations for Future Work

• Several observation, such as the dow nw ard/upw ard shift in im pedance Bode plot 

(see Figure 6-43 and Figure 6-45), increasing im pedances at high frequencies (see 

Figure 6-38) and increasing com plexity in the phase plots (see Figure 6-39) have 

not been fully explored. It is not know n whether, with extended exposure, the 

solutions affect the coating thickness or not. Further experim entation is required 

to understand fully the m eaning o f these occurrences. Several samples can be 

exposed to the different solutions under different conditions, and thickness and 

mass m easurem ents can be taken periodically;

•  During this research, samples were tested in acidic pH, neutral pH and midrange 

pH. Experim ents in alkaline solutions m ight reveal inform ation that w as not 

previously observed;

• W ith some m odifications, the corrosion cells can accom m odate form ed can-ends, 

and experim ents can be repeated to observe the perform ance o f  the final product 

as opposed to the perform ance o f  the coated alum inum  sheet.
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