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ABSTRACT (v)

An electrochemical test system of computer programs has been written that
controls electrochemical instrumentation to carry out galvanic current,
impedance and corrosion current' tests, and processes the data. This test
system has been applied to the study of corrosion mechanisms for painted and

unpainted metals.

LLaboratory simulated atmospheric conditions in a pollution gas box, PGB, have
shown that mass loss of uncoupled steel increases markedly with increase in
[502] up to | ppm, but that Zn, Al are relatively unaffected, whereas
Zn-55% Al alloy shows a modest increase. Sacrificial protection of a steel
substrate may therefore be difficult at the higher [802]. However, ACM tests
reveal the opposite is true when steel is galvanically coupled to Zn-55%Al
alloy, which has difficulty providing sacrificial protection at zero and at low
[802], and a mechanism is proposed. Corrosion of Fe, Zn-55%Al and Zn in the
presence of up to 1 ppm [SOZ] appears to be under mixed control, the first two
because increases in [802] cause increases in corrosion brought about by
depolarization of anodic and cathodic reactions. Random partial short circuits
in Zn and Fe ACMs in third and fourth PGB cycles due to electron conducting
corrosion products can make interpretation of data difficult. This has been
modelled by the inclusion of an interfacial corrosion product resistance, ch,
in the metal/solution equivalent circuit. Several methods are presented in
order to determine the effect of ch. Mass losses for Fe, Zn-55%Al and Zn
have been calculated from ACM galvanic current, impedance, and corrosion

current data over the [802] range and compared with weighed mass loss.

The impedance test has been applied to study the permeation of chloride ions
through paint films (painted Zn-55% Al coated steel), the rate of which appears

to be rapid for the films tested, and about 50% complete within several



(vi)

minutes. Solution uptake has been modelled by an equivalent circuit and paint
film degradation is shown to occur predominantly at direct or D-type areas
where the film resistance follows the resistance of the solution. Comparisons
between free and attached film results, both here and below, provide evidence
that the high frequency Nyquist semicircle contains paint film information and

not metal substrate information.

Impedance tests have also been applied to study the effect of paint film
flatting agent particles, which was found to be minimal, on solution uptake.
Corrosion resistance of the substrate is controlled by the rate of degradation
of the paint film, both of which decrease from the moment of sample
immersion. Water initially enters the film but after a few hours this rate
slows down and paint film degradation, probably resulting from hydrolysis of
the silicone modified polyester top coat portion of the paint film, plus ingress
of chloride ions, increase so that substrate corrosion also increases. Sample
failure time decreases as solution chloride ion concentration increases, In
agreement with outdoor exposure results. This is opposite to some other paint
films where performance life is controlled by the solution osmotic pressure.
Water uptake over the first few days is greater for attached than for free
films, thought due to some special influence of the substrate. However,
attached films perform better for a number of reasons. The capacitance
method for calculating water uptake is more convenient experimentally but
not as meaningful as thé gravimetric method due to the superimposed effect
of paint film degradation occurring after a few hours with these films. A
comparison of single frequency and wide frequency range impedance methods
indicates that the steeply rising, falling sections of 1 kHz resistive,

capacitive/time trends can be simply explained by the rate of decline of paint

film resistance.
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[l Primary Aim

The primary aim of this work is to demonstrate the applicability of
electrochemical techniques to the investigation of corrosion problems. Three
main electrochemical technigues have been utilized - impedance, galvanic
current and corrosion current {(or polarization resistance). However, others -

namely potential/time and dc resistance, have alsc been used.
The corrosion problems investigated have been divided into two parts -
unpainted and painted metals. Three problems have been studied, one in the

first part and two in the second part.

[2 Development of a Computerized Electrochemical Test System

Modern electrochemical instrumentation is capable of being computer
controlled such that experiments can be initiated from the computer keyboard
and data, collected by the peripheral instruments, can be sent back to the
computer for subsequent processing. Unfortunately, there is a lack of
dedicated software available for this purpose and what is available is usually
not specific enough for the tasks at hand. A computerized electrochemical
test system of programs has, therefore, been written that not only controls
instrumentation to carry out experiments using the above three
electrochemical techniques, but also processes the data for graphical display,

editing, sample number allocation, storage, retrieval and subsequent analysis.

I3 Corrosion of Unpainted Metals

1. Corrosion of ZINCALUME under acid rain conditions

The corrosion resistance and ability of Zn and Zn-55%Al alloy coatings to
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sacrificially protect a steel substrate have been examined under laboratory
simulated atmospheric conditions containing SOZ' The exposure conditions
chosen attempt to simulate conditions where the performance of ZINCALUME
coated steel, a Zn-55%Al alloy coating on a steel substrate, is unknown, an
example being the corrosion performance of ZINCALUME under conditions of

acid rain fallout.

Acid rain is a by-product of modern civilization and results predominantly
from the release of sulphur and nitrogen oxides to the atmosphere from coal
fired power stations and automgcbile exhausts. Acid rain is caused by the
aerial conversion of these oxides to sulphurous and nitric acids in clouds and
their subsequent precipitation as rain or fog, not necessarily in areas close to
the source of emission. Acid rain is known to have devastating effects on fish
life in lakes and on forests, but its effects on metals are less well established.
In particular, the effect of acid rain on the corrosion resistance of
ZINCALUME coated steel is not known. Although it is difficult to simulate in
the laboratory, an attempt has been made to approximate acid rain conditions
in a specially constructed box, called the Pollution Gas Box, PGB, where
laboratory air containing sulphur dioxide as pollutant is passed through test
chambers containing metal samples at elevated temperature and relative
humidity. In this way the corrosion resistance and ability of ZINCALUME and

galvanized coatings to sacrificially protect a steel substrate have been

investigated.

I4 Corrosion Degradation of Painted Metals

Some electrochemical properties of immersed painted metals have been
studied in order to clarify the mechanisms by which prepainted metal coated

products degrade by corrosion.
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l. Effect of large particles in paint films on corrosion performance

Large particles, usually silica flatting agents, are frequently observed in paint
films. The diameter of these particles range up to 10 um or even greater,
which is a significant portion of the top coat thickness, usually 20 um. It is
expected that their presence increases the rate of permeation of water or
solution into the paint film and this may affect performance life of the

painted metal. An investigation was carried out to determine these aspects.

2. Effect of ionic permeation on corrosion performance

Atmospheric exposure results for typical production line painted ZINCALUME
and painted galvanized steel on the east coast of Australia have established
that corrosion performance is related to the distance from the ocean surf.
The tendency towards paint film blistering and white corrosion product
formation decreases as the distance increases. The permeation of chloride
ions into typical line produced painted ZINCALUME coated steel has,
therefore, been investigated in the laboratory. An attempt has been made to

answer such questions as how quickly do solutions permeate through these

paint films, or how reversible is the permeation process?
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SECTION Tl - Impedance Test 7

l. General

l.1 Principle of method

In impedance methods, small amplitude (a few millivolts) sine wave
perturbations (current or voltage) are applied to a polarization cell containing
the working electrode whose impedance characteristics are to be determined.
The amplitude and phase of the working electrode's response (voltage or
current) are compared with those of the perturbation in order to obtain the
impedance at the measuring frequency. The experimental technique used in
this thesis is the galvanostatic, so that a sine wave current is sent through the

cell.

1.2 Linearity of polarization curve

In the galvanostatic technique, the sine wave current and the working
electrode's voltage response should be restricted to within the linear range of
the polarization curve. This means that the voltage response will also be
sinusoidal and will have the same frequency as the current. Operating in the
non-linear region causes complications such as faradaic distortion (the
generation of a dc <:omponenl:)1 which can be more troublesome on some
instruments than on others but may also alter the outcome of the results by
altering the system under test. The range of linearity varies from one system
to anothe”f. For example, it has been shown2 that the linear range is
approximately 1.5 mV for unpainted zinc and galvanized steel and 3.0 mV for
aluminium-killed steel in phthalate-buffered 0.1 M NaCl solulgion, pH 5.3.

These values indicate a rather restricted linear range but extended linear

. . 3
ranges have also been reported (to 60 mV or more) in the literature”.
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The amplitude applied across the working electrode/solution interface may be
larger at high frequencies, since most of the voltage is consumed by the
solution resistance, RS. For example, if RS =1 ohm.cm2 and double layer

2, then at 8 kHz about half of the total voltage is

capacitance, Cd =20 uF.cm™
applied across the interface and at 80 kHz it is only 10%4. With frequency
response analyzers, see Section T1/1.3, the linear range is less important
because harmonics due to non-linearity are totally rejected in the
measurement by the correlation analysis. With painted metals, it is probably

acceptable to somewhat exceed the linear range quoted for the unpainted

metal because of the expected potential drop across the paint film.

1.3 Measuring equipment

Impedance measuring methods have been categorized by Macdonald and
MacKubreS into frequency domain and time domain measurements. Frequency
domain methods apply sinusoidal current (or voltage) excitation to the
electrochemical cell under test, and measure the cell's sinusoidal voltage (or

current) response in order to obtain the required electrode impedance.

The most common frequency domain method is correlation analysis using
frequency response analyzers. The response to a sinusoidal excitation will
consist of information at the reference frequency, corrupted by harmonics due
to non-linear behaviour, and noise. The response signal is multiplied by, or
correlated with, two reference signals, one the sine and the other the cosine of
the reference frequency, and the results integrated over a number of cycles of
the set frequency to obtain the resistive and reactive components of the
response. The integration process ensures total rejection of any harmonic

content other than the frequency of interest, plus most of the noise depending
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on the time allowed for integration. Frequency response analyzers, also called
transfer function analyzers, are examples of modern digital instrumentation
which are capable of applying low level signals to an electrochemical system
with or without the aid of a potentiostat, and can extract low level response
signals from unwanted noise and system harmonic content, to obtain the
system's impedance behaviour. Measurements, however, must be carried out
at each frequency in a serial fashion which lengthens measurement time
compared to techniques like fast Fourier transfer (FFT) spectrum analyzers.

A frequency response analyzer has been used for the work in this thesis.

2. Single frequency impedance test

The single frequency impedance test measures the resistive, a, and reactive, b,
(or capacitive, c=1/2nfb), components of impedance, Z. The impedance terms

a and c are loosely referred to as resistance and capacitance, respectively.

One of the most thorough applications of the single frequency impedance test
to painted metals was that by Wormwell and Br‘asher6 who measured the
resistance and capacitance of painted mild steel in artificial sea water. A test
frequency of | kHz was chosen because it is commonly employed in
measurements of electrolyte conductance. They showed that after a period of
relatively steady values, the measured capacitance rose and the resistance_ fell
sharply with immersion time. The relatively steady values of capacitance
during the early stages of immersion gave information about the properties of
the film such as paint thickness and water absorption. The sharp rise in
capacitance or fall in resistance indicated breakdown of the paint and the
onset of rusting. Capacitance/time curves prior to the onset of substrate

rusting have been used to calculate the amount of water uptake in paint
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films '~

Attempts to explain the shape of typical resistance/time and capacitance/time
curves have been made by a number of workers. Wormwell and Brasher6
explained the decrease in resistance values with time, as an increase in the
porosity of the paint film. The initial, steady and the latter sharply rising

capacitance values were interpreted as water absorption and paint failure with

onset of rusting, respectively. Brasher and Nurse7 expanded on this by
observing that in sea water, the rise indicated initial breakdown of the paint
film and exposure of the bare substrate, whereas in other solutions the rise
preceded visible breakdown. This led them to conclude that the capacitance
rise did not indicate a sudden increase in water uptake but rather a
reorientation in the mode of distribution of water. Leidheis&r8 believes that
the large increase in capacitance is caused by accumulation of agueous phase
water at the metal/paint interphase. Smith13 attributed the large capacitance
rise to a change in the coating to a pore structure. Padget and Moreland“l

considered that capacitance measurements indicate water uptake by the film

and resistance measurements indicate ion ingress into the film.

Figure T1/1 shows schematically, the typical shape of resistance/time and
capacitance/time curves obtained for a 20 um silicone modified polyester top
coat on a 5 um epoxy prime coat on a Zn/55%Al coated steel substrate
immersed in 5% NaCl solution at room temperature. Values of resistance
typically rise to a maximum value before declining sharply at times
corresponding to the sharp rise in capacitance. Walter15 initially thought that
the rise in resistance to a maximum could be due to formation of a somewhat
protective corrosion product resulting from corrosion of the substrate.
Laterg, in a comparison between the single frequency and wide frequency

range tests, he concluded that the rise was not due to
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initiation of substrate corrosion, which was clearly shown to be preceding prior
to the rise. Touhsaent and Leidheiser12 obtained somewhat differently shaped
resistance/time and capacitance/time curves for polybutadiene coatings on
steel in 3% sodium chloride solution. The initial high resistance dropped
sharply and the initial low capacitance rose sharply over the first day of
immersion. Subsequently the resistance decreased and the capacitance
increased more slowly at a linear rate over a period of weeks, dependent on
the coating thickness, until the final sharp decline in resistance and rise in
capacitance, signifying general corrosion of the steel. They proposed that the
initial, small fall in resistance and rise in capacitance was due to fissures or
capillaries present as defects in the coating filling with salt solution whilst the
linear decrease in resistance and increase in capacitance was due to gradual

penetration of the polymer by water.

Although the single frequency impedance test allows performance comparisons
to be made on painted metal! samples having different characteristics, it can
only supply limited information on the mechanisms of paint degradation. This
is because single frequency impedance information cannot be interpreted in
terms of individual components of an equivalent electrical circuit representing
the painted metal/solution interface. The resistive or capacitive contributions
of impedance at a single frequency cannot be thought of as the resistance or
capacitance of the paint film because they are frequency dependent terms
containing both paint film resistance and capacitance components and other
components of the equivalent electrical circuit. The difficulties in
determining the individual components of an equivalent electrical circuit from
the resistivé and capacitive contributions of impedance at a single frequency
is illustrated by Walter16 in the simple case of just two resistors and one

capacitor. The situation is even more complicated for painted metals due to
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Figure TI1/1. Typical shape of resistive, || and capacitive, Celer

components of impedance versus immersion time in 5% NaCl solution at room
temperature for a 20 um silicone modified polyester top coat on a 5 um epoxy
primer on a ZINCALUME substrate.

b (k ohm)
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Figure T1/2. Nyquist complex plane plot of resistive, a, versus reactive, b,
components of impedance for the equivalent circuit model indicated, and

representing the metal/solution interface. Rs solution resistance; Rt

charge-transfer resistance; C d double-layer capacitance.
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the inclusion of extra components in the equivalent electrical circuit.

The single frequency impedance test must therefore be empirically correlated
with other measurements, such as visual observations of paint blistering or
gravimetric water uptake measurements, in order to obtain mechanistic
information on painted metal degradation. However, it is a useful method due
to its simplicity and speed. It is, like the wide frequency range method, a
relatively non-destructive test which can be repeated any number of times on
the same sample to build up an immersion time history suitable for comparison
with other samples. Sample deterioration can be detected at an earlier stage
than visual observations, and give a clearer quantitative picture, considered 14

to be important advantages of the technique.

Additionally, the experimenter can always fall back on the single frequency
method when the wide frequency range impedance method produces results
that are too complex to interpret. The criterion of paint failure can easily be
determined as the immersion time taken for the sample to produce a selected
value of capacitance or resistance, a method which is free from the personal

errors associated with visual observations, as pointed out by Wormwell and

Brasheré.

3. Wide frequency range impedance test

The wide frequency range method may overcome the problems of interpreting

impedance suffered by the single frequency method because under the more

ideal situations, individual cohwponent values of an equivalent electrical circuit
representing the working electrode/solution interface can be derived by

several established techniques. These components, such as paint film
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resistance and capacitance, alter their values with immersion time as
aggressive solution uptake occurs within the paint film resulting in corrosion
of the metal substrate. The method is applicable to both painted and
unpainted metals. The relative changes in the values of these components
over the immersion time history of the sample can supply valuable information
on the mechanisms involved in degradation and corrosion of the sample. Like
the simpler, single frequency test, the wide frequency range test is simple to
perform and is relatively non-destructive compared to the aggressive solutions
in which the samples are immersed. This is important because the impedance
test must be repeated a number of times on the same sample in order to build

up patterns of performance behaviour.

Analysis of wide frequency range impedance is commonly carried out
graphically with the aid of Nyquist complex plane plots or Bode plots. The
Nyquist plot graphs the resistive, a, versus the reactive, b, components of
impedance, Z, whilst the Bode plot graphs the logarithm of the modulus of
impedance, r, and the phase angle, ©, versus the logarithm of frequency, f.
The aim of these graphical methods is not only to predict the model, eg an
equivalent circuit representing the working electrode/solution interface, but
also the values of the individual components of the model at a given exposure
or immersion time. A review of impedance plot methods has been published17

recently by the author. The predominant mode of impedance analysis used in

this thesis is the Nyquist plot.

Impedance methods, both single frequency and wide frequency range, are not
17 . "

without their limitations, as discussed elsewhere” . Analysis of full frequency

range impedance data only leads to corrosion resistance - corrosion rates are

not normally obtained. Area corrections for the actual corroding area may be
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necessary. Applications have up to recently been generally limited to full
immersion conditions. Painted samples must be visibly defect free because
the failure criterion of a low impedance will result from any small scratch or
defect that exposes metal substrate to the solution. Considerable variability
1Is normal with painted metals, and often the results have to be treated
statistically. Visual rating methods for painted metals do not suffer this
disadvantage because larger samples are selected and an average blister rating
is obtained. The plot shape can be distorted at high frequencies by the effect
of stray capacitance across both the cell and the measuring/control
resistorlé. Finally, full frequency range impedance data may be too difficult
to interpret in terms of an equivalent electrical circuit, even an approximate

17
one .

4, Applications to unpainted metals

The equivalent electrical circuit model for an unpainted metal/solution
interface without diffusion control is given by the simple Rahdles18 type
model shown in Figure T1/2, along with its Nyquist complex plane plot. The
series component, RS, represents the solution resistance between the working
electrode and the tip of the Luggin probe for a 3-electrode type cell, or the
solution resistance between working and auxiliary electrodes for a 2-electrode
type cell, refer Section E1.2/1. The parallel components Rt and Cd represent
the charge-transfer resistance and double layer capacitance, respectively.
The shape of the complex plane plot not only gives information on the type of
model and its component values, but also indicates the type of control for
reactions occurring at the metal/solution interface. In this instance, the

major control is caused by charge-transfer. For a corroding metal in the

absence of diffusion, this can be thought of as the corrosion resistance of the
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metal. The minor control is caused by IRS drop across the solution resistance
Rs' The lack of a diffusion tail at low frequencies would indicate that
diffusion of reactants to and products from the metal/solution interface is
much faster than the process of charge-transfer, which is more likely to be

the case for reactive metals in dilute acids, eg iron in IN HZSOA'

The impedance, Z, of the circuit in Figure T1/2 is given by Equation (T1/1).

Z = RS + Rt (l/JmCd)/(F{t + l/Jde)
2 2.2 . 2 2.2 -
= Rs +(1/Rt)/(l/Rt + 0 Cd) - JoCd/(l/Rt+ w C d) (T1/D)
which is of the form
Z = a-jb
2 2.2 -,
where a = Rs+(l/Rt)/(l/Rt + 0 Cd) (T1/2)
2 2.2 -
b = de /(l/Rt +w Cd) (T1/3)

The term (l/Rg N ozczd) can be eliminated from Equations (T1/2) and (T1/3)

to give 0 = b/(a—Rs) Rth which can be substituted into Equation (T1/2) and

rearranged to give Equation (T1/4).
(a-R_- Rt/2)2 +b% = (Rt/2)2 (T1/4)

This is the .equatioAn of a circle of radius Rt/2 and centre (Rs + Rt/2) and
explains the shape of the Nyquist complex plane semicircle of Figure T1/2

which results from the parallel combination of Rt and C d

The component values of the circuit of Figure T1/2 can be determined from

17 .
the Nyquist plot or the corresponding Bode plot . The series resistar Rs

offsets the Nyquist complex plane semicircle along the resistive, a, axis by an
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amount equal to Rs, obtained by intersection of the high frequency, LHS
portion of the semicircle with the a-axis. The intersection of the low
frequency, RHS portion of the semicircle with the a-axis gives the value

(RS+Rt), and the semicircle diameter is Rt' The value of Cd can be found by
at least two complex plane plot methods. From Figure T1/2, Cd can be

determined from the frequency, fbmax’ at which the reactive component, b,

1:bmaxRt'

accurately from a

reaches a maximum value, b , and is given by C, = /2w
max d

However, it is not always possible to determine f

bmax

complex plane plot because the spacing of frequencies along the curve is

non-linear, making interpolation between frequency points difficult. The

effects of diffusion are discussed in Section T1/5.

5. Applications to painted metals

5.1 Equivalent electrical circuit model

An equivalent circuit model for the painted metal/solution interface requires
inclusion of paint film parameters to the model of Figure T1/2. Mikhailovskii
and co—workersl9 have proposed a model similar to that in Figure T1/3, which
has since been used by other workerszo—23 or modified for the effects of

Warburg diffusion impedancelé”zz“za.

The resistor, R has been interpreted as the pore resistance due to

pf’
19,23

electrolyte penetration and at damaged areas of the film19, or as areas

where more rapid solution uptake occurs, namely, pre-existing holes or porous
areas where inadequate cross-linking of the polymer is presentlé. A capacitor
in parallel with Rpf and representing the capacitance of these areas is omitted

in this simplified model. Corrosion of the substrate is assumed to occur via
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Fi%urg T1/3. Equivalent circuit model for the painted metal/solution interface
and corresponding Nyquist plot of resistive, a, versus reactive, b, components

of impedance. RS solution resistance, Rpf’cpf paint film resistance,
capacitance, Rt’cd metal charge-transfer resistance, double layer

capacitance.
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Fiqure Tl/4. Equivalént circuit model identical to that above except for
inclusion of Warburg diffusion impedance, ZQ, and corresponding Nyquist

complex plane plot. Symbols as per Fig. T1/3.
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these areas, represented by the parallel combination of double layer

b The capacitor, Cpf’ has

been interpre'ted as the capacitance of the electric capacitor consisting of the

capacitance, Cd, and charge-transfer resistance, R

metal and the electrolyte, with the paint film as dielectriclg; or simply as the
capacitance of the intact filmzs, or as the capacitance of éreas where rapid
solution uptake does not occurl6. A resistor in parallel with Cpf’ representing
the resistance of these latter areas, is omitted in this simplified model.
Corrosion of the substrate is assumed to occur by the same mechanisms that
occur on the unpainted substrate, but the kinetics will be restricted by the
presence of the paint film. The interpretation taken for this thesis has been

described previously in the literature16

The Nyquist complex plane plot in this case is made up of two semicircles with
time constants (with units in seconds) for the paint film, Tpf' and metal, T

as given by Equation (T1/5)

=R, C (T1/5)

Cpf; Tm™ "t —d

ot = ot
The semicircle occurring at high frequencies will be caused by the paint film if
Tpf<'cm, which is usually taken. to be the case, although direct evidence has not
been cited in the literature. The discussion in Sections R2.1/7 and R2.2/1.2
provides evidence that this interpretation is in fact correct. The shape of the
plot will appear as two distinct semicircles if certain criteria16 are met.
Figure T1/3 is an example of indistinct separation into two semicircles where

one of the criteria is not met. This subject has been discussed at length in the

literaturel 7
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5.2 Inclusion of diffusion impedance

In many cases the equivalent circuit of Figure T!/2 for unpainted metals, or
Figure T1/3 for painted metals will not be adequate as a model for the working
electrode/solution interface. One modification takes into account diffusion
processes - diffusion of reactants to and products from the interface. In the
case of painted metals, diffusion processes occur within the paint film,

presumably at areas of more rapid solution uptake, equivalent to Rp in Figure

f

T1/3. Diffusion is modelled by the inclusion of a Warburg impedance, ZO,

placed in series with R, in Figure T1/3, where Zo is defined by Equation (T1/6).

t
-, .
ZQ = ow (1-)) (T1/6)
1
where o = Warburg impedance coefficient (ohm.s/z)

® = 21'rf(rad.s—l)

Figure T1/4 is identical to Figure T1/3 except for the inclusion of ZQ and is a
Nyquist complex plane plot for a painted metal/solution interface showing
degradation of the paint film and corrosion of the substrate with diffusion,
assumed to occur at areas of more rapid solution uptake, designated by
resistor Rpf' Values of the Warburg coefficient, ¢, vary from O to 107 ohm.sl/2
in Figure T1/4. The Nyquist plot of curve | at o=0 is identical to Figure T1/3,
but at higher o values (curve 2), a diffusion tail begins to appear at low
frequencies attached to the second semicircle. When values of o are about
equal to Rt’ this diffusion tail begins to overlap the second semicircle (curve
3) and subtends an angle of 45° to the a-axis in accord with Equation (T1/6).

As o increases still further (curve 4), this overlap becomes increasingly more

severe, but the diffusion tail eventually becomes inclined at an angle of 45° to
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the a-axis at sufficiently low frequencies. Finally, when o is significantly
greater than Rt (indicating that diffusion processes are occurring slower than
the metal charge-transfer reaction), the diffusion tail completely distorts the
semicircular shape (curve 5), being initially greater than 45° to the a-axis.
This angle decreases as the frequency is lowered, eventually becoming 45° at
much lower frequencies, not shown in Figure T1/4. The plot shapes in Figure

T1/4 have been observed in experimental Nyquist plots on painted metalsm’lé.

However, the appearance of diffusion tails which bend over towards the a-axis

14,16,25 and cannot be

at low frequencies have been noted in the literature
explained by Equation (T1/6). This equation assumes that the ac diffusion
layer is much smaller than the dc Nernstian diffusion layer, but when both ac
and dc diffusion layer thicknesses become comparable, a correction must be

applied which accounts for both an increase above the 45° diffusion tail and

finally a bending downwards towards the a-axis at very low

frequency4’16’17’25. Under these circumstances, Egquation (T1/6) is
modifiedlé"25 to Equation (T1/7).
-1 X 1
Z, = oo 7 (1-)) tanh (5(Ga/D)") (T1/7)
where & = diffusion layer thickness (cm)
D = diffusion coefficient (cmz.s—l)

Depending on numerical values of (6/DV2), the tanh term can approximate to
unity (6/Dl/z>5) at a frequency of 0.1 Hz, in which case Equation (T1/7) reverts
to Equation (T1/6); or the tanh term can become increasingly significant as
(6/0%) decreases below 5. In this case,‘ the 45° diffusion tail bends over

towards the a-axis at low frequencies, and can give the appearance of a
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skewed semicircle 16

Values of o and hence Zo (as well as Cd ) can be calculated from any point on

the equation for the 45° diffusion tail. This equation is derived from the full

equation for the impedance of the painted metal equivalent circuit in Figure

T1/4. For the case when frequencies are low enough to result in a straight line
1

diffusion tail at 45°, the terms containing o—/z are retained, but not terms

containing  to obtain Equation (T1/8).

/2

-1/ . 2
Z = (Rs+Rpf+Rt+°(‘) )+ jlcw “+20 Cd) (Tl/8)
A
where a = Rs + Rpf + Rt + 0w (T1/9)
b = oo +20°C, (T1/10)

—l 2 - . .
The term containing o / can be eliminated from the a and b values to give
Equation (T1/11), the equation for the 45° diffusion tail.
2

-R, +20°C

¢ b d (T1/11)

b = a-R_-R
s p

According to this equation, a plot of b versus a is a straight line of slope =1
(45° diffusion tails), and intercept on the a-axis of (RS+Rpf+Rt—202Cd). The
value of o can be calculated from this interceptl, having previously calculated
values of Rs' Rpf’ Rt and Cd. This method compounds all the errors of these

variables.

Walter17 has indicated that Equation (T1/12) can be used to obtain estimates

of o.

-2
b = oo (T1/12)
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This equation is approximate only, as it ignores the term ZO'ZCd in Equation
(T1/10). This assumption can sometimes be justified, as discussed in Section
R1.5/1. However, a better method is simply to take two data points (al’bl)’
A

(a2,b2) at angular frequencies w respectively, and calculate o from either

1" 72
Equations (T1/9) or (T1/10) by subtraction of unwanted terms. This results in

two new equations, Equations (T1/13) or (T1/14).

_‘12 '—12

a -a, = c(ol/—oz/) (T1/13)
_1, 1

b b, = c(ol/-oz/z) (T1/14)

The right hand side of Equations (T1/13,14) are identical and therefore both
these equations will give identical results for o when the diffusion tail is
inclined at 45°. However, as indicated in Section R1.5/2, the angle of the
diffusion tail to the a-axis is not always 45°. For example, the diffusion tail
may not only be governed by a bending over towards the a-axis at low
frequencies according to Equation (T1/7). One additional cause of angles less
than 45° for the diffusion tail is corrosion product resistance, ch' discussed in
Section R1.8. In these cases, it is probably better to calculate o from both
Equations (T1/13,14) and to average the result. This is the basis of a computer

program 'sigma’' used to calculate ¢ values in Section R1.5/3 and described in

Section Al/4.6.

5.3 Depressed Nyquist semicircles

It is frequently observed that Nyquist complex plane plots have semicircles
with their centres depressed belbw the a-axis. This phenomenon, referred to
as frequency dispersion, has been explained in a number of different ways17

which take into account factors such as metal substrate surface roughness,
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paint film heterogeneity, high resistance surface films, electrode geometry
and variations in substrate/paint adhesion. The effects of frequency dispersian
appear to decrease with increasing electrolyte concentration, being usually

less than a few per cent in |M solutions, but quite significant in O.lMa.

Nyquist plots showing frequency dispersion can be analyzed either by using the
same equivalent circuit model, or a modified model. Using the same model,
see Section A3/1, Rt can be calculated as the chord of the semicircle instead
of the depressed diameter. This has been done using either a curve fitting
routine26 or by the modified tangential impedance technique27. Rammelt et
al28 modified the model by introducing frequency dependent resistors and

29

capacitors to represent the frequency dispersion, although Cahan and Chen

consider this practice invalid.

5.4 Sample failure criteria

It is convenient to obtain a quantitative assessment of sample failure from

impedance measurements. In the single frequency test, Walter9 used two

failure criteria based on the times, tf R and tf c taken for the resistive and

capacitive components of impedance at a frequency of 1 kHz to fall, rise to 10
k ohm.cmz" and 3 x 10_8 F.cm—z, respectively. These values of impedance
empirically correlated with either the initiation of blistering or obvious paint
blistering and corrosion product formation for the particular samples used. In
this thesis (Table R2/1 Section R2.2/1.1 and Section R2.2/3.1) the values of

tf,R and tf,C were taken as the times for the resistive, aflk’ and capacitive,

il components of impedance at a frequency of | kHz to fall, rise to lO4

ohm.cm2 and 10_8 F.cm_z, respectively. A third failure criterion was used -

an average failure time, tf, 'equal to the average of t and tf C according to

f.R
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Equation (T1/15).

t (t + tf,c)/z (T1/15)

f- VR

There does not appear to be any reference in the literature to failure criteria

for the wide frequency range test. This is introduced in Sections R2.2/1.2,3.2.

6. Cell impedance corrections for identical working/auxiliary electrodes

In full immersion impedance experiments, a platinum mesh auxiliary electrode
is used, Section EI1.2/1.1, which has a low impedance compared with eqg, a
painted working electrode. The cell impedance in this case is essentially the
impedance of the working electrode. This is not, however, the situation with
impedance measurements on 3-electrode ACMs, Section E1.2/2, where the cell
impedance consists of identical working and auxiliary plates (the reference
plates are left unconnected). The measured impedance (Rt’ Cd, ZQ, etc) in
this case relates to both working and auxiliary plates and a correction must be
applied to obtain the impedance of just the working electrode. This situation
was pointed out by Wormweli and E!rashe:r6 for two identical painted steel
samples in artificial sea water; They considered that R:Rm/Z, C-= ZCm where
R, C represent resistance, capacitance of one electrode and Rm, Cm represent
measured résistan(:e, capacitance respectively. The relationships were
assumed correct if the solution resistance between electrodes was negligible

and breakdown of the electrodes was equal.

A similar result applies to measured impedance on ACMs as given by Equations
(T1/16-19). These equations are derived in Section A3/2 for n identical

working and auxiliary plates having total areas AW’ AA respectively.
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R, = RE" A2 (T1/16)
(ohm.cmz) (ohm)(cmz)

Cq = 2(:;”/AW (T1/17)
(F.cm™?) F) m?)

o = ormAW/Z (T1/18)
(ohm.cmz.svz) = (ohm.sl/z)(cmz)

R, = Ry Ay (T1/19)
(ohm.cmz) (ohm)(cmz)

where m refers to measured cell value and Rt' Cd' o refer to charge-transfer
resistance, double layer capacitance, diffusion coefficient of the working

electrode, respectively.

Equations (T1/16-19) have been applied to all ACM impedance calculations in

Sections T1/7, R1.5 and R1.7.

7. Mass loss calculations from Rt

The method of calculating mass loss, AMRt' from charge-transfer resistance,

Rt’ is essentially the same as described in Section T3/7 for mass loss

calculations from Rp, and is given by Equation (T1/20).

AMg, = Eq.(B/2.303) [ "9

Q) (coulomb.g.equiv) ™! (V) (ohm™ 1)

(l/Rt).dt (T1/20)

where Eq. = electrochemical equivalent (coul.g.equiv_l)

B=(l/b_+ l/bC]_l = mixed Tafel slope constant
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The main difference between 'the Rp and Rt methods is the fact that the
measured values of Rp relate to the working plates of the ACMs, whereas the
measured values of Rt relate to both the working and auxiliary plates of the

ACMs, and a correction is necessary. This has been discussed at length in
Section A3/2, where the measured values, Rm, were corrected to Rt for the
working electrode only using Equation (T1/16). Substituting Equation (T1/16)

into Equation (T1/20) gives Equation (T1/21).

AM.. = Eaq.(2/A.)B/2.303) 9 (1/R™).dt (T1/21)
Rt W t
1

(g.m~2) (coul.g.equiv™}) (m~2) (V) (chm ™)

. . 2
Note that the working electrode area, AW' is in units of m .
Equation (T1/21) has been applied to calculate mass loss of ACMs from

Rt/time trends in Section R1.5/3. Refer also to Sections R1.7/1,4.
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l. Definition

A potential difference usually exists between two dissimilar metals or alloys
when they are immersed in a conductive solution. If these metals are placed
in contact (or otherwise electrically connected), this potential difference
produces electron flow between them, called the galvanic current, Ig.
Corrosion of the less corrosion resistant metal (more active) is usually
increased while that of the more resistant (more noble) metal is decreased,
compared with the behaviour of these metals prior to contact. The more
active metal becomes anodic and the more noble metal becomes cathodic.
Usually, but not always, the cathodic metal corrodes very little or not at all in
this type of couple. The driving force for galvanic current flow is the

potential difference developed between the two dissimilar metals prior to

being connected.

Dissimilar metal couples can exist as a result of mechanical, economic
reasons; as a result of poor design or they can be deliberately designed into a
system. An example of the latter is galvanized steel sheet in which zinc will
protect the steel substrate by acting as a barrier coating. However, at any
spots where the steel substrate is exposed (sheared edges, scratches, pinholes),
to an aggressive environment, the steel will be sacrificially protected by the
surrounding zinc. Zinc becomes »anode of the dissimilar metal couple and

corrodes at a faster rate, whilst the exposed steel becomes cathode and

corrodes at a slower rate.

2. Electrochemical principles

Fontana and Greene30 applied the mixed potential theory of Wagner and
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Traud31 to galvanically coupled, corroding metals. They considered the effect
of galvanically coupling zinc to platinum in an air-free acid solution, where
only the zinc corroded, and the more general situation where two dissimilar
metals in contact both corroded by activation controlled cathodic hydrogen ion
reduction. They made use of Evans (E/log I) diagrams to show how corrosion
of the more active metal increased on coupling to the more noble metal.
Figure T2/1 is an Evans diagram of E versus log I for two coupled, corroding
dissimilar metals (A is more active and corrodes faster than B) where

activation controlled hydrogen ion reduction occurs on both metals at

different rates determined by the difference in exchange currents, I?H and

IS e The normal uncoupled corrosion rates of metals A and B are Iﬁ‘ and IE at

respective corrosion potentials E:‘ and EE. The galvanic potential, Eg of the

couple lies between E? and EE at the intersection of the two dashed lines
representing the total oxidation and total reduction rate, equivalent to It

according to Equation (T2/1).

B

A B
g |0 gt T gy (T2/1)

A
At Eg, the dissolution rate, IaA, of metal A is greater than the uncoupled
corrosion rate, IA but the dissolution rate, 12, of metal B is less than the

k ’
uncoupled corrosion rate, IE. The galvanic current, Ig is defined by Equation

(T2/2).
= A Al =181 -0P T2/2
Iy = U lgg - Q)= U5 g (511 g (T2/2)
32,33 . . ‘
Mansfeld has done much to put galvanic corrosion theory on a

quantitative basis, and has shown that the magnitude of galvanic corrosion

depends not only on the potential difference between dissimilar metals prior to
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Figqure T2/1. Evans diagram for 2 coupled dissimilar metals A and B both
corroding by activation controlled hydrogen ion reduction. Ek' Ik corrosion
potential, current of uncoupled metal; Eg, Ig galvanic potential, current of

couple; Ia, IC anodic, cathodic partial currents; I, total dissolution current;

t
Eo,M’ Io,M metal equilibrium potential, exchange current; Eo,H’ Io,H hydrogen
ion equilibrium potential, exchange current.
E

\total reduction
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Figure T2/2. Evans diagram for 2 coupled dissimilar metals A and B both
corroding by diffusion controlled reduction of oxygen. Symbols as per Figure
T2/1. ' )
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contact, but also on kinetic parameters such as corrosion rates, exchange

currents, Tafel slopes and area rat:ios34

The case of galvanic corrosion under diffusion control of the cathodic
reaction, where it is assumed that the only reaction occurring on the cathode
at the galvanic potential, Eg, is the reduction of oxygen, is relevant to this
thesis. Theoretical considerations for this case have been detailed by

Mansfeld and I<t-3nkt-3134’3 S.

Figure T2/2 is an Evans diagram for two coupled
dissimilar metals (A is more active than B) where it is assumed that the only
reaction occurring on the cathode B at Eg is the reduction of oxygen, that is,
[I?] Eq is negligible compared to [I'g] Eg In the uncoupled state, A and B are
assumed to have corrosion potentials, Eﬁ‘, EE and corrosion rates IAL‘(, IBk,
equivalent to the limiting currents, Iﬁ,O’ IE,O’ respectively. The galvanic
potential, Eg, of the couple lies between Et‘and EE at the intersection of the
two dashed lines representing the total oxidation and total reduction rate, also
given by Equation (T2/1) except that [IS] Eq is negligible. At Eg, the
dissolution rate, Ig‘, of metal A is greater than Ii‘, but the dissolution rate, IBa,
of metal B, is less than IE. Galvanic current, Ig, is also given by Equation
(T2/2) except that [I?] Eq is negligible. Equation (T2/2) can be written in this

case in terms of current densities, and areas AA, AB of anode and cathode

respectively, according to Equation (T2/3).

A A AA A A .BCB (T2/3)

Assuming that Eg is in the region where the cathodic reaction on both metals
. A B

is entirely diffusion controlled, as is shown in Figure T2/2, then i, =1, =

iL o Combining with Equation (T2/3) leads to Equation (T2/4).



T2 39

AB/a% (T2/4)

A B A
=1 (A7/A7) (T2/5)

According to Equation (T2/5), the galvanic current density, is, is the
difference between the anodic dissolution current density, iaA, due to galvanic
coupling and the normal wuncoupled corrosion current density, il?'
Alternatively, the anodic dissolution current density, 1?, is the sum of the
uncoupled corrosion current density, ié, and the galvanic current density, ig,
at metal A. It should also be noted from Equation (T2/5) for the special case
where the area of anode and cathode are equal, ie AA = AB, then ig = iﬁ.
Under these conditions the galvanic current can be used to directly calculate
the corrosion rate of the uncoupled metal A despite the fact that metal A is

coupled to metal B in the galvanic couplesé. Use is made of this fact and

Equation (T2/5) in Section T2/4.

Equation (T2/4) can be rearranged to give Equation (T2/6).

A B

. A
= /
i lL,D(l +A7/AT) (T2/6)

This is the catchment area principle originally proposed by Whitman and
Russell37, according to which the dissolution current density of the anode in a

galvanic couple is proportional to the area ratio, AB/AA, of cathode/anode



33

cPp

NG
cell<
1/a

Trrr

Fiqure T2/3. Schematic for either a potentiostat or an operational emplifier
wired as a zero resistance ammeter for the measurement of galvanic current,
I. W, R, A working, reference, auxiliary inputs of potentiostat or earth,

inverting input and output of operational amplifier. CP control potential input
of potentiostat (CP=0) or non-inverting input of operational amplifier; RX

current sensing resistor; cell A, B dissimilar metals of galvanic cell.
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3. Measurement of galvanic current

The method of using a potentiostat for measurement of galvanic corrosion
currents was first described by Devay, Lenyel and Meszaros38. This was
followed in 1970 by an article by Lauer and Mansfeldsg. Figure T2/3 applies
equally to a potentiostat or an operational amplifierao. The two metals, A and
B, of the galvanic cell are connected directly across the differential input of
the inverting operational amplifier or between the reference, R, and working,
W, electrode inputs of the potentiostat with the control potential, CP, set to
zero. Under these conditions, the inverting input of the operational amplifier
(or R input of the potentiostat) is at virtual earth (zerc volts), and the output
voltage, Vo’ of the operational amplifier (or the auxiliary, A, input of the
potentiostat) is related to the galvanic current, Ig, flow by Equation (T2/7),
where RX is the current measuring resistor. Operating a potentiostat or
operational amplifier in this manner is equivalent to a zero resistance
ammeter, ZRA.

Ig =V /R, (T2/7)

4, Mass loss calculations from Ig

The method of calculating mass loss, AMIg, from galvanic current, Ig, is
essentially the area under the Ig/time curve multiplied by an electrochemical
equivalent, Eq, and divided by the exposed cathode area. This is based on the
following derivation. Rearranging Equation (T2/5) in Section T2/2 gives

Equation (T2/8).

A _ A A B A A A A A A
I = 1gA /A wherglk_lk/A : 1g_Ig/A
A _ A A B

or Ik = IgA /A
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Now AMIg = EqJ IC dt (9)
AMIQ/AA - (Ew/AB jgdry IQ dt (g.m™% (T2/8)

This equation has been applied in Section R![.4/]1 to determine mass loss
calculated from Ig/time curves obtained from pollution gas box experiments
using atmospheric corrosion monitor, ACM, cells. Values taken for Eq for the
various ACMs are discussed in Sections R1.4/1, T3/7. The assumptions made
for Equation (T2/5) in Section T2/2 will also apply to the calculated values of

AM. .
Ig
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l. History

In 1938, Wagner and Traud31 formulated the concept of mixed potential theory
which explained corrosion reactions occurring at the metal/solution interface
as composed of partial reactions for the anodic dissolution of the metal and
the reduction of cathodic reactants. Bonhoeffer and Jena4l in 1951
introduced the concept of polarization resistance, defined as the slope of the
polarization curve at the corrosion potential. They demonstrated that
corrosion rate decreased as polarization resistance increased, for a series of
11 steels in sulphuric acid solution. In 1957, Stern and Geax‘y42 derived an
equation relating the slope of the linear region of the polarization curve to the
corrosion rate and Tafel slopes. This equation was based on the kinetics of
electrochemical reactions and the concept of mixed potential theory as
proposed by Wagner and Traud“. Stern and Geary pointed out that since
measurements were carried out close to the corrosion potential, any surface
changes which may result from high polarizations are eliminated. Stern and
Weiserta3 commented that corrosion rates could be estimated to within a
factor of two without knowledge of Tafel slope values by a simple
measurement of the current required to polarize a few millivolts, that is, by
knowledge of the polarization resistance. An excellent review by MansfeldM

exists on the historical development of the polarization resistance technique.

Developments have been made to the technique since the early papers
described above. Hoar45 commented that polarization resistance
measurements were superfluous to the electrical determination of corrosion
rates because Tafel slopes are required to convert polarization resistance to
corrosion rate. If these are derived from the Tafel region of polarization

curves, then back-extrapolation to the corrosion potential can yield corrosion
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current, making it wunnecessary to convert polarization resistance. To
overcame this criticism, more recent research has been concerned with
determination of Tafel slopes from low polarization data, such as the two- and
three-point methods of Barnartt%, the graphical curve fitting method of

8 and the method of Reeve and Bech—Nielsenag. The Tafel slope

Mansfeld“’ll
constants have also been determined by Makrides50 as a lumped constant by
calibration using mass loss data. In the last few years, iterative curve-fitting
methods using a computer have taken over from these simpler methods, and
determine corrosion current and Tafel slopes from low polarization data.
These methods are discussed further in Section T3/5. Such methods, referred
to in this thesis as corrosion current methods, make the determination of
polarization resistance superfluous, as corrosion current can be derived from
the general current/voltage equation, Equation (T3/1), in Section T3/2, without

knowledge of polarization resistance. Other developments of the polarization

resistance technique are discussed in Section T3/5.

2. Definitions

. . . 31
According to the mixed potential theory of Wagner and Traud™ -, the
polarization curve relationship between current and voltage for a metal

corroding by charge-~transfer control of both the anodic and cathodic reactions

is given by Equation (T3/1).

—exp(—2.3£/bc’x)] (T3/1)

I = Ik[exp(Z.Se/ba’M)

where 1 is current; Ik is corrosion current; € (:E—Ek) is polarization value or

voltage; ba M is the Tafel slope for anodic dissolution of the metal; bC X is the

b4

Tafel slope for the cathodic reduction reaction involving reactant X, a
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common example being the evolution of hydrogen from hydrogen ions; E is
potential at current, I; Ek is corrosion potential. In the derivation of Equation
(T3/1), the corrosion potential is assumed to be far removed from the
equilibrium potentials of the anodic and cathodic reactions. In the example
given, these are the metal equilibrium potential, E , and the X-reaction

oM

equilibrium potential, Eo,X' eg the hydrogen equilibrium potential, Eo,H'
Differentiating Equation (T3/1) with respect to ¢ gives the slope (dl/de) of the
polarization curve at any value of €. The slope of the polarization curve of I
versus € at the corrosion potential is the slope (dI/de)e_)O. The inverse of this
slope, that is, the slope of the polarization curve of ¢ versus I, defines
polarization resistance, Rp, and its relationship to Ik according to Equation

(T3/2), which has become known as the Stern-Geary equationa2
(de:/dI)E_)0 = Rp = E3/2.31k (T3/2)

and is a constant containing Tafel slope

where B = [1l/b + 1/b
a, c,

M X]
information, sometimes referred to as the lumped, or mixed, Tafel slope

constant.

The polarization curve of ¢ versus I, and its slope (dedI)c_)0 = Rp are shown in
Figure T3/la where only small polarizations, ¢, are shown. Data obtained for
such plots are referred to as low polarization data. The polarization curve is
also shown plotted in the Evans diagram form of E versus log I in Figure T3/1b
where currents extend to higher polarizations. The partial reaction lines for
anodic dissolution of the metal and reduction of the cathodic reactant, X, (in
this case hydrogen ions) are shown dotted. The slope of these lines are the

Tafel slopes ba M and bC respectively. Back-extrapolation of the slopes

X
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Figure T3/1. Polarization curve of polarization c(:E-Ek), versus applied

current, I, (Fig. T3/1a), and the corresponding Evans diagram form of ¢ versus
log I (Fig. T3/1b) for the case of charge-transfer control of both anodic and
cathodic reactions. Back extrapolation of Tafel slopes ba M OF b

yield a value for corrosion current, Ik'

to the

c,X
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aM or bc,X in Figure T3/1b to Ek yield a value of Ik' This method is referred

to as the back-extrapolation method from high polarization data.

b

For the special case when the cathodic reaction is limited by the rate of mass
transfer of cathodic reactant, eg hydrogen ions to the metal surface, bc,X
approaches an infinite value, and Equations (T3/1,2) are altered to Equations
(T3/3,4) respectively. The equation of the polarization curve for a metal
corroding by mass transfer control of the cathodic reaction is given by
Equation (T3/3). The corresponding polarization curve slope at the corrosion
potential, given by Equation (T3/4), enables corrosion current to be calculated
from Rp and ba,

M

I = Ik[exp(Z.Sc/ba'M) -1] (T373)
(ds:/dI)C—)0 = Rp = (ba,M)/(Z'SIk) (T3/74)

Both Equations (T3/2,4) show that polarization resistance is inversely related
to corrosion current, so that a high value of Rp means a low value of Ik’ and
vice versa. Plots corresponding to Figures T3/la,b but for the case of mass
transfer or diffusion limited control of the cathodic reaction are shown in
Figures T3/2a,b respectively. A common example of this situation is near
neutral aerated solutions where the rate of arrival of the cathodic reactant,
oxygen, at the metal surface is limited by the rate at which it can diffuse
across the diffusion layer. This rate is shown by IL,O in Figure T3/2b which is
known as the limiting current for oxygen diffusion, and is equal to Ik'

Back-extrapolation of the slope, ba M in Figure T3/2b yields a value of Ik'
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Figure T3/2. Polarization curve of polarization, c(:E—Ek), versus applied

current, I, (Fig. T3/2a), and the corresponding Evans diagram form of ¢ versus
log I (Fig. T3/2b) for the case of charge-transfer control of the anodic
[ limiting current

reaction and diffusion control of the cathodic reaction.

for diffusion of oxygen; other symbols as per Fig. T3/1.

L,0O
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3. Principle of method

The polarization resistance and corrosion current methods are fast, sensitive
and relatively non-destructive tests for the evaluation of instantaneous
corrosion rate. The test procedure leaves the corroding metal relatively
undisturbed so that repeated measurements can be made on the same
sampleSI. Experimental time for one measurement lasts no more than several
minutes so that corrosion rates can be regarded as essentially instantaneous.
_Patterns of corrosion behaviour can therefore be built up over short periods of
time allowing the effect of system variables on corrosion rate to be evaluated
rapidly. Examples of system variables are the introduction of inhibitors to a
corrosion fluid, or the deterioration of passivation films applied to metal

surfaces.

There are several ways of obtaining low polarization data using a
potentiostat. The control mode can be either potentiostatic (potential
between working and reference electrodes is controlled and current response
measured) or galvanostatic (current applied to the electrochemical cell is
controlled and voltage response of the working electrode with respect to the
reference electrode is measured). The way in which the controlled voltage or
current is altered can be either a scan, a sequence of steps (staircase), or a
series of pulses. The scan method is usually referred to as potentiodynamic or

galvanodynamic, whereas the step and pulse methods are usually described as

potentiostatic or galvanostatic.

In this thesis, the galvanostatic‘single pulse method has been employed. The

’

merits of this method have been described previouslysz 3. and a brief

discussion is given in Section T3/4.1. Experimental technique is described in
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Section E1.2/4 but brief details are as follows. Current (dc) is applied to the
cell in the form of a series of increasing single pulses which last normally
about 7 s (but can sometimes be >30 s) and the working/reference electrode
voltage response, E, is monitored. The current is then switched off and the
potential is allowed to drift back to near the corrosion potential, Ek' prior to
application of the next pulse. Normally, an anodic pulse is followed by a
cathodic pulse to prevent movement of Ek in one direction or the other over
the series of anodic and cathodic pulses. A train of such pulses, and their

corresponding voltage responses are shown in Figure T3/3 and typical I,e plots

are shown in Figures T3/1a,2a.

The shape of the voltage response/time curve follows an experimental growth
pattern, equivalent to the charging of a capacitor via a parallel resistor which

obeys the relationship given in Equation (T3/5).
= - - T
E IRt [1-exp( thCd)] (T3/5)

This equation assumes the metal/solution interface to be represented by a
simple equivalent electrical circuit consisting of the double layer capacitance,

Cd’ and charge-transfer resistance, Rt'

The voltage response is read at the time, tss' corresponding to E reaching a
steady stat situation, where tss =~ ARth. For example, when Cd = 20
uF.crn_2 and Rt = 10,000 ohm.cmz, the steady state time will be
approximately 200 ms. High values of Rt and Cd caused by low corrosion rates
or pseudo-capacitance will increase tss’ HoWever, experimental times to
steady state found in the experimental work for this thesis are usually longer

than 200 ms. This subject has been referred to previously52 and will be
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Fiqure T3/3. The galvanostatic single pulse method. Current, I, is applied in
the form of a series of single pulses, and the working/reference electrode
potential, E, monitored with time, t. The current is switched off between
pulses to enable the corrosion potential, Ek’ to stabilize prior to the next pulse.
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further discussed in Section T3/4.

4. Errors in the method

Four of the main sources of error in the calculation of corrosion currents from
polarization resistance are discussed in the following sections. These are time
dependence of the voltage response, curvature in polarization curves near the
corrosion potential, corrosion potential close to equilibrium potentials and
resistance polarization (IRs drop). These discussions are not intended to be

thorough reviews as this has been adequately accomplished by Mansfeldaa,

> 54. A further source of error - namely, bad data

Walter™ " and Callow et al
points, is discussed in Section R1.6/2. At the end of each of the following

sections a brief comment on the relevance of the particular source of error to

this thesis is given.

4.1 Time dependence of voltage response

The galvanostatic current pulse method is considered the most convenient
method of obtaining low polarization data for the calculation of corrosion
rates. Useful information concerning the kinetics of the corrosion process can
be obtained from the time dependency of the voltage response which will
assist in obtaining accurate polarization data. For example, it is possible to
detect and eliminate from the measurement resistance polarization (IRS drop)
or diffusion polarization. These are not considered in the derivation of
polarization resistance or corrosion current and should not be included in the
measurement if Equation (T3/1) is to be usedss. It is more difficult to treat
the galvanostatic staircase step mel:hod52 or the Transient Linear Polarization

52,56

method of Jones and Greene in this manner. The Rp or Ik results
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obtained from these methods, or from the galvanodynamic scan method, can
become dependent on scan rate when the voltage response includes a slow-rise
portion attributed to diffusion polarizationsz. Walter55 pointed out that the
Stern-Geary Equation' (T3/2) was not” completely applicable to his
experimental conditions (zinc in near-neutral chloride solutions) and that new

equations were necessary to take these more complex conditions into account.

Some attempts have since been made to address the problem of measuring
corrosion current under conditions of mixed charge-transfer and mass
transport control notably by Britz and Hougaard57, Hougaard and BritzSB.
and Allan and Cherrysg. Katoch and Koyamaéo suggest a method of obtaining
the steady-state potential from non-steady state data based on a theoretical

61,62

transient equation. Azzerri considered the case in near neutral solution

where the dissolving metal surface is covered by corrosion product layers and
the electrode capacitance becomes very large, giving rise to a shift in the
corrosion potential upon application of a galvanostatic step. He derived an
equation similar to Equation (T3/5), Section T3/3. Gonzalez et alé’3 use a
potentiostatic technique for measurement of the slow corrosion of steel
embedded in concrete where the kinetics are mixed charge-transfer and
diffusion. They showed that the potentiostatic technique achieved a
steady-state time orders of magnitude less than that with the galvanostatic

technique because the time constant depended on the solution resistance, and

not the polarization resistance, as it did for the galvanostatic technique.

In this thesis, the kinetics are shown to be mixed charge-transfer and diffusion
control in near-neutral, stagnant environments. ' The Equations (T3/1-4) in
Section T3/2 do not take partial diffusion control into account, as has been

discussed above. A steady state situation which includes diffusion will be
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inappropriate for calculation of corrosion rates using these equations. Yet to
eliminate the diffusion portion from the measurement and use the Stern-Geary
equations is also inappropriate. The best solution is to develop modifications
of the Stern-Geary theory that takes partial diffusion control into account, as
already stated. This, however, is considered to be outside the scope of this
thesis. The method adopted here is to use a standard voltage response reading
time of 6 s, except where this is obviously unsatisfactory, and to compare
corrosion rates with those calculated from other methods. This is discussed

further in Section R1.6/2.

4.2 Curvature in polarization curves near the corrosion potential

Stern and Gearyé'2 originally described a region in the vicinity of the corrosion
potential where a linear dependence of potential on applied current existed for
a corroding electrode. Their equation (T73/2) related the slope of this linear
region to the corrosion rate and the method became known as Linear
Polarization Resistance. The extent of linearity was showné"l to be dependent
upon Tafel slope values, as shown in Figure T3/6,7. Walter2 showed that this
could be small and around 1.5 mV for zinc and galvanized coatings and 3.0 mV
for steel in aerated buffered chloride solutions. BarnarttS, on the other hand,
found extended ranges of linearity of 60 mV or more for iron in IN HBr and IN
stoa' The practice of obtaining data in excess of the linear range and/or on
one side only of the corrosion potential and determining the slope of the line
of best fit can lead to inaccurate corrosion rates. Oldham and Mansfeld6

pointed out that the gradient at the corrosion potential could be employed to
determine corrosion current whether or not the polarization curve was linear

at the corrosion potential. This statement has meant that in recent usage the

word 'linear' has been largely dropped from the name, because the criterion
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of linearity is not required for the determination of polarization resistance.

In this thesis, corrosion current, I, was calculated using the computer program

k

IK_ CALCS8, Section Al/5.2, but Rp was not required in order to obtain I It

K
was, however, calculated from Equation (T3/2) after determination of Ik’ ba M
and bc,X'

4.3 Corrosion potential close to equilibrium potentials

Equations (T3/1-4) were derived assuming the corrosion potential, Ek’ was far

removed from the equilibrium potentials of the anodic, E and cathodic,

o,M

E reactions. As E,  approaches either E or E the error in

0,X’ k o,M 0,X’
calculating corrosion current using Equation (T3/1) rises sharply due to neglect
of the metal ion deposition reaction and the anodic reaction of the species X,
termed the 'reverse' reactions. An exact equation has been derived by
Mansfeld and Oldhaméé. Use of this exact equation requires Eo,M and Eo,X
which are often unknown. The exact equation has been applied by Walter2 to
the corrosion of zinc, galvanized coatings and steel in stagnant
phthalate-buffered chloride solutions of pH 5.3 and 5.9 which resulted in a
lowering of the calculated mass loss towards that calculated from solution

analysis but the error associated with ignoring the reversing reactions was

calculated to be less than 20% at most.

In this thesis no attempt has been made to correct for the influence of the
reverse reactions. Calculations of corrosion current have been based on the
simpler Equation (T3/1) where the reverse reactions are ignored and the
assumption is implied that the corrosion potential is far removed from either

of the equilibrium potentials.
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4.4 Resistance polarization

Resistance polarization, or IRS drop as it is commonly called, refers to the
voltage error introduced between the corroding working electrode and the tip
of the Luggin-probe leading to the reference electrode when a current is
flowing between working and auxiliary electrodes. The voltage error is caused
by uncompensated solution and/or surface film resistance, Rs’ between these
two points. This is known to be a problem in poorly conducting solutions, but
is very often overlooked as a potentially large source of error in Rp
measurements. Mansfeld67 pointed out that errors due to neglect of IRS—drop
could be severe even in solutions of moderate conductivity, if corrosion rates
are high (Rp low). This is because the ratio Rs/Rp' and not the magnitude of
Rs’ determines the error in Rp. Walter55 found that neglect of IF’\S drop had
the effect of increasing values of Rp, which by itself would be expected to
make calculated corrosion rates too low. However, calculated corrosion rates
can be too high due to neglect of IRS drop in cases where both Rp and ba,M are
calculated (bc, was assumed infinite for the experimental conditions),

X

because there is a greater positive error in calculated values of ba M than in

R .
p

In this thesis, IRS drop has not been compensated instrumentally by techniques
like positive feedback, but has been measured using a Wheatstone bridge
methodss. For ACMs, values of RS were found to be negligible and therefore

correction of IRS drop was not required, refer Section R1.6/8.

5. . Analysis methods

A number of numerical analysis methods have recently appeared which use
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Equation (T3/1), Section T3/2, to determine the three unknowns Ik’ ba M and

bc X" For simplicity, this can be written in the equivalent form of Equation

(T3/6).

I

Ik[exp(e/ba)-exp(—e/bc)] (T3/6)
where b = b /2.303
a a,M

l:)C

1l

bc,X/2'303

The numerical analysis methods can be either iterative or non-iterative, and
curve fit Equation (T3/6) to the experimental (Ii' ei) data. The determination
of R_ then becomes no longer necessary to the determination of Ik' except

perhaps to obtain first guess values of the three unknowns, Ik’ ba and bc.

The conventional method of numerical analysis is to minimize the sum of
squares, S, of the difference between the curve fit value of [ and the individual

data point value, Ii’ according to Equation (T3/7).
2
S = Z(I_Ii) (T3/7)

Equation (T3/7) assumes all experimental error is in I.l and none in € which is
appropriate for potentiostatic experiments where potential is controlled at a
known value and current is measured. Equation (T3/7) is used with Equation
(T3/6) in one way or another by different authors. Walter and Madurasinghe:53
have recently discussed several of these authors' methods and the choice of

experimental technique - either potentiostatic or galvanostatic.

Thié laboratory has preferred the galvanostatic technique for many years.

with this technique, experimental errors are predominantly in voltage
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response, not current, and this leads to significantly greater errors in
estimating Ik’ ba and bC if Equation (T3/7) is used as the basis of the analysis
routine. To solve this problem Walter and Madurasinghe53 wrote analysis

routines, IK_CALCB and IK_CALC9, Section Al/5.2, based on the sum of

squares of the voltage differences, according to Equation (T3/8).
2
S = Z(c—ci) (T3/8)

These analysis routines were evaluated using program THEO_IK, Section
Al/5.3, and shown to lead to reduced errors in Ik’ ba and bc' They concluded
that if the galvanostatic method is to be used experimentally, where errors are
predominantly in measured voltage, then a galvanostatic analysis routine

should be used to analyze the data, that is, a method based on minimization of

voltage residuals, according to Equation (T3/8).

6. Effect of I, ,b b values on plot shape
—k*~—a——c

The shape of the (I,¢) polarization curve can provide information on the anodic
and cathodic Tafel slope values ba and bc' respectively, which assists in the
understanding of the kinetics controlling the corrosion process. Furthermore,
the analysis routines return more accurate values of Ik’ ba, bC with lower
standard deviations if there is a degree of curvature in the polarization curve.

It is therefore useful to know what controls this degree of curvature.

At least three basic polarization curve shapes are possible depending on the
values of ba and bC in Equation (T3/6). These are illustrated in Figure T3/4
which was produced using program THEO_IK, Section Al/5.3. In Figure T3/4a,

values of ba' bC were chosen to be low and equal (60 mV decade) and indicative
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of activation or charge-transfer control of the anodic and cathodic reactions.
This plot has a point of inﬂection68 (where the slope of the curve reaches a
maximum) near the origin (¢=0). In Figure T3/4b, ba=60, bC=3000 mV/decade
and an inflection point is not observed. The curve on the cathodic side
becomes very steep, with current values changing markedly for only a small
increase in voltage response. This shape is caused by the high bC value and
indicates substantial polarization of the cathodic reaction towards a limiting
current value as illustrated in Figure T3/2b for diffusion limited control of the
oxygen reduction reaction. In Figure T3/4c, ba=3000, bC=60 mV/decade.
Again, an inflection point is not observed. The curve on the anodic side
becomes very steep, with current values changing markedly for only a small
increase in voltage response. This shape is caused by the high ba value and
indicates substantial polarization of the anodic reaction typical of, for
example, passivation of the metal surface or severe concentration polarization

(mass transfer control) of the anodic reaction.

Figure T3/5 demonstrates the effect of varying Ik on polarization curve
shape. The basic curve shape is an inflection point near the origin (¢=0) caused
by equal values of ba and bc' As the value of Ik increases, the main effect is
to decrease the value of polarization resistance, Rp (slope at the origin). The
shape of the anodic and cathodic sides of the polarization curve is equally
affected. The curve bends over towards the current axis more, such that the
value of I is higher for a given value of ¢, but the change in I is not as marked

as it is when ba or bC are altered.

Figure T3/6 demonstrates the effect of varying ba on polarization curve
shape. The basic curve shape still shows an inflection point near the origin but

is asymmetric when ba;tbc. As the value of ba increases, Rp increases, but not
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Figure T3/4. Three polarization
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Figqure T3/5. Effect of Ik on
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as markedly as it does when Ik is increased. The main effect occurs on the
anodic side where the curve straightens such that the value of 1 is lower for a
given value of ¢ and the linear range extends as baincreases. Altering ba has

very little effect on the cathodic side of the polarization curve.

Figure T3/7 demonstrates the effect of varying bC on polarization curve
shape. The basic curve shape still shows an inflection point near the origin but
is asymmetric when ba;tbc. As the value of bC increases, Rp increases, but
like ba, not as markedly as it doeé when Ik is increased. The main effect
occurs on the cathodic side where the curve straightens such that the absolute
value of I is lower for a given value of ¢ and the linear range extends as bC
increases. Altering bC has very little effect on the anodic side of the

polarization curve.

Summarizing, the main effect of increasing Ik is to decrease Rp, the slope of
the polarization curve at the arigin. Altering ba mainly affects the shape of

the anodic side of the polarization curve, whilst altering bC mainly affects the

cathodic side.

7. Mass loss calculations from Ik and Rp

The method of calculating mass loss, AM.[k, from corrosion current Ik’ is

essentially the area under the Ik/time curve multiplied by an electrochemical

equivalent, Eq, and divided by the exposed area of the working electrode, AW,

according to Equation (T3/9).

AM E/A O g (T3/9)
q9 w'o

Ik k

where tdry = time for water film to evaporate (min)
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Eq = electrochemical equivalent = A/Fz (coulomb.g. equiv_l)
A = atomic weight

F = Faraday (96,500 coulomb.equiv—l)

b4 = valency (number of electrons involved)

E, = 3.387x 107" for ACMS3 (zn)

= 2.894 x 10'4 for ACMS8 (Fe)
= 3.387 x 107 for ACMA4 (rolled Zn-55%Al)
AMIk = mass loss (g.m—z)

A = working electrode area (m—z)

The value of Eq for ACM4 (rolled Zn-55%Al) is not known and was taken to be
the value for Zn. This is based on the assumption that Zn-55%Al coatings
corrode preferentially from zinc-rich areas as discussed in Section R1.4/1.
The value of Eq chosen will be too high if Al is involved in the corrosion

mechanism, and as a result, mass losses will be calculated somewhat too high.

The method of calculating mass loss, AMRD, from polarization resistance, Rp,
is obtained from Equation (T3/9) by substituting Ik=8/2.303 Rp from Equation

(T3/2) to give Equation (T3/10).

MM, = Eq.B/2.303 A, 19 IR dt (T3/10)
where B = [l/ba + l/bC]—land is the mixed Tafel slope constant. The values of
other variables were the same as those used for mass loss calculated from Ik in
Equation (T3/9). Values of ba were fixed at 35, 69, 35 mV/decade, whilst
values of bcwere fixed at 10,000 mV/decade for ACM3 (zn), ACM8 (Fe) and
ACM4 (rolled Zn-55%Al alloy). These values of ba correspond to that

previously measuredzfor zinc, galvanized coatings and steel fully immersed
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in near neutral buffered chloride solution. The value of ba for ACM4 (rolled
Zn-55%Al) was assumed to be the same as that for ACM3 (Zn). The cathodic
reaction was assumed to be diffusion limited oxygen reduction and therefore a
very high bC value was used. The ba’ bC values chosen were not important
because these results were used to compare with mass losses calculated from
Rt in Section R1.7/4 and the same ba' bC values were used in both cases.

These calculation methods have been applied to calculate mass loss of ACMs
from [ /time trends in Section R1.6/3 and from Rp/tlme trends in Section

k
R1.6/7. Refer also to Sections R1.6/4 and R1.7.
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l. Atmospheric Sozpollution and acid rain

Atmospheric pollutants can be classifledég’70 as either particulate (eg dust,

2 HZS' NOZ'

has been identified as a major

smoke, ash, aerosol, lead, sulphates, nitrates) or gaseous (eg SO
NO, hydrocarbons, HF). Of the gases, SCJ2
pollutant, and comes almost exclusively from man made sources, particularly
from coal fired power stations. The aqueous chemistry of sulphur-containing
species plays an important role in the phenomenon of acid precipitation,
commonly referred to as acid rain. Sulphur dioxide is absorbed by clouds and
raindrops where it can be oxidized to sulphate. The hydrogen ions liberated
during this process contribute to the acidity of the droplets”. A wide variety
of mechanisms has been proposed to account for the SO2 oxidation process -
03 and HZOZ are currently accepted as the most important of the oxidants,
but NaCl particles72, Fe(III)71 and Mn(II)70'73 appear to act as catalysts.
Clarke and Radojevic71 found that pH and Fe(Ill) concentration of rainwater
samples were important in affecting the oxidation rate but there was poor
correlation between this rate and Mn, Cu and Zn concentrations. Mason74
discusses the oxidation of 802 to HZSO4 in cloud droplets. However, the
sulphate content of rainwater could not be accounted for in this way, and he
attributed this to the presence of ammonia, which is found to catalyse the

conversion of SCJ2 to SOZZ,-.

The level of 302 in the atmosphere can vary from hour to hour; day to night;

winter to summer; and it depends on the distance from the source and wind
velocity/direction70. Wwith implementation of air pollution control schemes,
levels have fallen over the past decades. Hudson and Stanners75 in 1953
reported levels in England ranging from slight pollution (£0.02 ppm SO?_)

through to severe pollution (0.13 ppm SOZ)' Sydney's industrial areas
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annual average concentrations have been around 0.016 ppm since about 1975.
However, maximum hourly values above 0.4 ppm still exist in about 100 US
locations76. Funke and Haagan77 quote characteristic 502 levels in West
Germany of small to large towns of 0.04 to 0.15 ppm but 1.28 ppm maximum in
an industrial area (Ruhr). Duncan and Spedding_i8 state that [SOZ] is around
0.2 ppm in heavily polluted areas.

The oxidation of SO_ in the atmosphere causes acidification of rainfall. Acid

2
rain loosely refers to rainwater with a pH value lower than 5.6, the lowest pH
which may result from saturation of COZ. In Europe70. pH values of 4.0-4.5
have been recorded in many regions, and also in North America, particularly
SE Canada and NE United States79. Holbrow80 in 1962 stated that the pH of
rain at Manchester could be as low as 2.6-2.8 in winter and 4.0 in summer.

Sydney's rain had an average of about 4.5 over the period 1980-82. A sample

collected at Epping gave the most acidic reading (pH 3.6)81.

2. S_C_)2 corrosion of metals

SChikOI‘I‘BZ summarised the known facts of rusting of iron by moist air

containing SOZ. One molecule of SO2 will convert 15 to 20 atoms of iron to

rust in the winter, and 30 to 40 atoms in the summer; but since in winter four

times as much SO2 is present in the air as in summer, the rusting is twice as

fast. Two theoriesss, the acid regeneration cycle and the electrochemical
cycle, exist that explain the corrosion of iron by SOZ' In the acid regeneration

cycle, adsorption of SO_ occurs on pre-existing rust, followed by oxidation of

2

802 to FeSOa in the presence of Fe and 02. Oxidation hydrolysis of the

FeSOa to rust then occurs with liberation of stoa which then attacks more

Fe, producing fresh FeSOa, hence more H2804 and so on. This cycle can



T4 60

continue many times until the SDﬁ— 1s removed as ferric sulphate. In the

electrochemical cycle, FeOOH is reduced to Fe,O, at cathodic sites, whilst

374
Fe dissolves as Fez+ ions at anodic sites. Evans and Taylor84 concluded that
both cycles take place, but once rust and FeSOa are present, the

electrochemical cycle proceeds much faster than the acid regeneration cycle.

Ericsson and Sydberger85 concluded that at 802 supply rates normally
occurring in outdoor urban and industrial atmospheres and at relative
humidities, rh, around 90%, 802 molecules reaching a rusty steel surface
would be quantitatively adsorbed. The atmospheric concentration of 502
during the initial exposure does not only determine the corrosion rate during
this period, but will also affect the long term corrosion by determining the
density and distribution of anodic sites, referred to as sulphate nests. This
explained why steel samples exposed in winter when [802] was high continued
to corrode at a high rate over more than one year compared to samples
exposed in summer. Adsorption of 802 onto an Fe surface occurs at discrete

areas rather than uniformlyee.

Little correlation has been found to exist
between uptake sites and surface properties of Fe, but uptake is consistently
higher at regions where visible rust is present. The atmospheric corrosion of
steel is mainly governed by the temperature, the relative humidity, and the
deposition of SOZ' the latter being determined by [SOz] in the air and the
deposition rate. Above about 90% rh, the deposition rate was found so high
that the deposition per unit time was the product of gas velocity and [802]87.
Walton, Johnson and Wood also found that the amount of 802 presented to iron
specimens was a more important corrosion parameter than its atmospheric
88

concentration at >30% rh~". They found that the corrosion mechanism

depended on the catalytic promotion of sulphate formation from 802 by

. . . 2+ 2+. 8
inorganic species such as Fe™ and Mn~ " ions
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The effect of SOZ on Zn has also been studied extensively but much of the
early work used SO?_ concentrations that were much higher than found in the
atmosphere. The relevance of conclusions reached must therefore be
questioned. Vernon90 showed that the presence of 0.01% SO2 in the air caused
a marked increase in corrosion when the relative humidity exceeded a critical
value. In a 3-day test in which 13.5 mg.L—l [SOZ] was added to the humidified
air, Schikorr91 found that the weight of Zn corroded was about equivalent to
the SO, content of the corrosion products up to about 85% rh. The following

2

three reactions were suggested.

Zn + SOZ+ 02 - 2Zn SOZ; | (Ta/1)
27Zn+2 SOZ + 02 »22Zn SC)3 (T4/2)
32n + 802 »2ZnS + 2 Zn0 (T4/3)

Barton and Beranek92 showed that at 95-100% rh, increasing [SOZ] from
0.01-0.5 volume per cent markedly increased the corrosion of Zn. Haynie and
Upham93 found excellent correlation between the corrosion of zinc and
atmospheric [SOZ] for eight US cities at sites with high humidity, and showed
that Zn corrosion increased as [SOZ] increased. In a 3-year test at
Berlin-Dahlem, Sc:hikorr91 showed that corrosion increased with [SOZ] and
relative humidity, and was higher in the winter months. Hudson and
Stanners75 found that corrosion of Zn increased as [SOZ] increased at 16 sites
in England where atmospheric pollution varied from slight to severe. Edney et
al94 thought that it was likely that SO, -induced corrosion of galvanized steel

2

was initiated by HZSO3 and HZSO4 acids generated in the dew; HZSO4 will
react with either the metal or protective corrosion products, ZnCO3 or
Zn(DH)Z, to produce soluble ZnSO4 with limited protective properties. In a

later paper95. they concluded that a 1:1 relationship existed between the
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number of 502 molecules deposited onto the surface and the number of Zn
molecules that dissolve into the dew. Eijnsbergen% found that reactions of
802 on zinc surfaces were comparable with those on steel, but ZnO, contrary
to Fe3OA Is not electroconductive. Therefore reactions proceed at a slower
rate in spite of the fact that Zn is less noble than Fe. A discussion of the role
played by electron conductive Fe3O4 is given by EvansaS. Adsorption of 502
occurs at discrete areas on an Fe surface, but general uptake occurs all over
the surface on Zn, enhanced at areas of bulk corrosion product growth78.
Skerry et a197 agree, also stating that 802 (3.5 ppm at 85% rh) has a very
serious corrosion enhancement effect on Zn, irrespective of surface finish,
being about 20 times that in control air. They concluded that corrosion
mechanisms for Zn in SOZ—containing atmospheres appear quite different from

those on Fe, where pitting is more prevalent. This contrasts with the

conclusions of Eijnsbergen% stated above.

The effect of 502 on Al is not as well documented as with Fe and Zn.

Schikorr98 found that Al takes up less 802 than most other metals.
Spedding99 found that gas phase SO2 was adsorbed onto an Al surface, the
amount taken up being strongly dependent on rh and also on the partial
2 in the gas phase. The 302 in the aqueous phase may then be

oxidised to sulphate which produces free protons. This acidic solution attacks

pressure of SO

the protective layer on the Al to produce corrosion product, presumably

18 H,0O.

Al2 (304)3. 2
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l. History

Atmospheric corrosion of metals using electrochemical cells has been
investigated for many years dating back at least to the late fifties. Most of
the early work was with dissimilar metal galvanic cells, notably by the Russian

school represented by Tomashov and his colleaguesloo—103 and also by

104,105 in Canada. The Russians used galvanic cells of Fe/Cu, Fe/Zn,

Sereda
Fe/Al, Cu/Al with most of the work being with Fe/Cu. The authors believed
that their method was suitable for the fast determination of the corrosivity of
the atmosphere. The cells were also used to study time-of-wetness due to
moisture films formed as a result of rain, snow, fog or dew. It was found that
corrosion was approximately proportional to the period of wetness of the

alO&,lOS in 1960 used galvanic cells of Fe/Pt and

metal surfacelos. Sered
Zn/Pt to determine the total period of wetness, and an instrument was
developed that recorded the period the voltage across a 100 M ohm resistor

connected to the cell exceeds 0.1 V. This corresponded to relative humidities

in excess of about 85%. This early work has been summarized by Kucera and

Mattsson 1 06.

Other researchers have developed electrochemical techniques for studying
atmospheric corrosion in thin electrolyte layers. Rosenfeldm7 in 1962
concluded that, in the case of many industrial metals (Fe, Zn, Mg) the anodic
reaction of metal ionization proceeded very slowly in thin layers, but that the
oxygen depolarization rate increased markedly during the course of electrolyte
evaporation from the metal surface. Gladkikh et al108 in 1970 studied the
cbrrosion kinetics of Zn and Fe under thin films and concluded that for zinc,
each subsequent wetting of the surface was accompanied by a decrease in

corrosion. For Fe, the corrosion rate under an evaporating film was governed
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primarily by the oxygen diffusion rate. Fishman and Crowe109 in 1977 applied
potentiostatic polarization techniques to study the thin film corrosion of iron
in a specially constructed cell. They obtained polarization curves similar to
those in bulk electrolytes and determined corrosion currents by the

back-extrapolation method, see Section T3/2.

In 1974, Kucera et al106 attempted to measure the instantaneous rate of
atmospheric corrosion of metals. They used two types of cells - a galvanic
cell and three electrolytic cells. The galvanic cell consisted of alternate
plates of Fe and Cu identical in principle to galvanic cells used earlier by

100,1 10. The electrolytic cells used plates of only one metal (Fe, Zn

Tomashov
or Cu) to which an external voltage (100 mV) was applied and the cell current
measured. This current was shown to vary widely with different climatic
conditions such as time of wetness, relative humidity and 802 content of the
atmosphere. These changes were at least in qualitative agreement with
variations in the atmospheric corrosion rate as reported by other authors.

They concluded that their technique was useful for studies of atmospheric

corrosion in the laboratory as well as on atmospheric test sites.

The term, Atmospheric Corrosion Monitor or ACM, seems to have been named
by Mansfeld et al111 in 1976 who used galvanic cells of Zn/Cu or Fe/Cu
encapsulated in epoxy resin, but similar to earlier cells used by Tomashov
and later by Kucera et a1106. They measured galvanic currents by connecting
their ACMs to a zero resistance ammeter, see Section T2/3, and showed that
they could be useful not only to measure time-of-wetness, but also the
corrosivity of the test environment.

Gonzalez“:2 in 1978 used ACM single-metal (steel) multilayer plate cells
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and imposed a polarization ¢ = +10 mV in order to measure the resulting

current, I. He calculated corrosion current, I, , from Equation (T5/1)

k’

Ik = 2Bl/e = kI (T571)
where B is the lumped Tafel constant. This equation is similar to the
Stern-Geary Equation (T3/2) in Section T3/2 except that it is modified for
twin, identical electrodes. A constant value of B was assumed as B was not
measured. Electrochemical and gravimetric calculated corrosion rates were
claimed to be in good agreement and practically coincided if the B value was
doubled. However, inspection of the actual data reveals this to be somewhat
over-optimistic.

In 1980, Mansfeld and Tsai113 used both the galvanic cell (Fe/Cu, Zn/Cu) and
single-metal (Fe or Zn) type of ACM, and compared electrochemical and
gravimetric calculated mass loss. The Fe/Cu ACM followed the same trends
as mass loss data but only accounted for about 20% of the corrosion rate
estimated from mass loss. The Zn/Cu ACM showed too much scatter to make
a comparison. Equation (T5/1) was used to obtain corrosion rates from single
metal ACMs, but the results were considered doubtful because B was not
known.

Mansfeld et all L4 in 1982 carried out a statistically designed experiment using
15 galvanic cell ACMs (Fe/Cu) and 15 single-metal ACMs (Fe). They wanted
to evaluate the reproducibility of ACM data and the effects of cell design on
time-of-wetness and cell efficiency. A cell efficiency of about 20% was
found for the Fe/Cu ACMs and about 7% for the single-metal (Fe) ACMs. This

low cell factor was considered to be due mainly to local cell action on
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individual plates and to uncompensated ohmic drop in the electrolyte.

Haagenrud, Kucera and (_Zullman115 in 1982 attempted to find an empirical
relationship between the cell current of single-metal (Fe) ACMs and
atmospheric corrosion rate. They used the term cell factor, CF, according to

Equation (T5/2).

electrochemical mass loss from cell current

CF

(T5/2)
gravimetric mass loss

They showed that the cell current diminished linearly with increase in the
insulator thickness between steel plates from 100 to 400 um; the cell current
increased by 50 and 100% for increases in the impressed voltage of 100 to 200
mV and 100 to 300 mV, respectively; and the cell current diminishes by about

30% when the steel plate thickness increased from 0.5 to 0.9 mm.

In 1982 Mansfeld36 introduced the 3-electrode ACM which is discussed in
Section T5/2. With this type of ACM, Mansfeld was able to obtain anodic and
cathodic polarization curves for a type 4130 steel ACM under thin layers of
electrolyte which assisted in the interpretation of thin film atmospheric

corrosion mechanisms.

6 in 1984 used a very similar 3-electrode ACM, also discussed

Gonzalez et alll
in Section T5/2. Polarization curves were obtained for ACMs made of Al, Cu,
Fe and Zn covered with 400 um electrolyte layers. They also determined
Nyquist impedance plots for Fe and Zn ACMs. Electrochemical mass losses

calculated using Equation (T5/1) with a fixed value of B, were compared with

mass losses obtained gravimetrically. Cell factors, although not stated, can
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can be calculated from their Figure 9. They were lowest for the Al ACM
(0.13-0.34); the Cu ACM gave 0.55-2.25; the Fe ACM gave 0.47-1.0; and the
Zn ACM gqave 0.45-1.5. They used an insulator thickness between adjacent
plates which was 170 um. Although the authors claim good agreement
between electrochemical and gravimetric mass loss, the above cell factor
calculations show that this is not always the case.

In 1984/85 Feliu, Bastidas and Morcillo!!’*118

described a multi-layer
sandwich cell, discussed in Section T5/2, which was painted. They used the
wide frequency impedance technique to study, using Nyquist complex plane
plots, the electrochemical activity taking place under the paint films.
Mansfeld et al119 in 1986 applied essentially the same methods to a single
metal (steel) ACM painted with a 20 um epoxy coating. They used Bode
impedance diagrams, refer Section T1/3, to study the reactions taking place
above and below the paint film.

Metikos-Hukovic and Zevnik120 in 1984 made an ACM of SnPb deposited onto
copper using printed circuit technology. (This was not a new idea because this
technique has been used earlier121 with Zn/Cu or Cu/Au sensors for the
measurement of time-of-wetness.) They used the polarization resistance
technique based on Equation (T5/1) to evaluate this ACM in the salt spray test

and in hot steam with/without S0O,. Mansfeld et al122 also used the Sereda121

2
concept of printed circuitry to produce what they described as a new
atmospheric corrosion rate monitor, ACRM, using solid Zn instead of Zn plated
onto Cu. A Zn/Zn sensor was tested using the polarization resistance
technique based on Equation (T5/1), to determine atmospheric corrosion rates

in the presence of atmospheric pollutants (SOZ’ 03. NOZ)' A Zn/Zn and a

Ni/Ni sensor of this type has been used to study the effects of acid rain/acid
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fog over 15 months exposure at LLong Beach, Southern Californlalzs.

2. Construction

Kucera and Mattsonmé described their method of ACM construction for both
galvanic cells and single-metal cells. Each cell consisted of 20 plates (65 x 10
x 0.5 mm) standing on end and insulated from each other by 100 um
polycarbonate or Teflon foil. The whole plate assembly was then encapsulated
in epoxy resin and the cross-sections of all plates polished flat so as to expose
an area of 6.5 cmz. The galvanic cell consisted of 10 steel plates and 10
copper plates, the plates in each set being connected in parallel. The
single-metal cell consisted of 20 plates of the same metal, ie Fe, Zn or Cu
with 10 alternate plates connected in parallel to one terminal, and the other

10 plates connected in parallel to the other terminal. Both terminals were

112 constructed a similar

then connected to an external voltage. Gonzalez
type of single-metal (steel) cell but showed more design features in a
schematic diagram. The plates were in the form of a rectangle with part of

each plate cut away at the end to produce a metal tab. The plate assembly
was bolted together. All the cathode plates (that is, each alternate plate) had
their metal tabs protruding from one end of the plate assembly, whilst all the
anode plates had their tabs protruding from the other end. The insulation
thickness between plates was 170 um, but no details for insulating the bolts
were given. Mansfeld and l»<enl<ellll showed a photograph of their galvanic
cell type ACM. The insulator thickness between plates was 60 um.
Mansfeld36 described his 3-electrode single-metal ACM. This consisted of 10
identical metal plates connected such that the two inner plates served as
reference electrodes, the outer four plates served as auxiliary electrode, and

the four plates between reference and auxiliary served as working electrode.
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This simple arrangement located all three electrodes of the ACM in the same
plane. The insulator thickness between adjacent plates was 60 um. No other
details of construction are available. Gonzalez et alllé showed more design
details for a similar type of 3-electrode cell, which consisted of only one
central reference plate, followed on either side by repeated working/auxiliary
electrode pairs of plates. The insulator thickness between adjacent plates was
170 um. Details for insulating the plate assembly bolts were shown. Feliu et
all L7 designed a 'segmented test piece' cell which they later1 18 referred to as
a multi-layer sandwich cell. This consisted of six relatively large mild steel
test pieces (55 x 15 x 8 mm) insulated from each other with 170 um plastic

foil, polished to achieve a flat surface and painted with vinyl paint or acrylic

lacquer. The printed circuit type of ACM is described in Section T5/1.
3. Cell Factor
This is adequately covered in Sections T5/1,4.

4, Advantages/Disadvantages

The aim of this section is to assess the advantages/disadvantages of using
atmospheric corrosion monitors, ACM, to study the corrosion rates and

mechanisms of metals under laboratory simulated atmospheric corrosion in a

polluted 802 environment.

The obvious advantage of ACMs is that they are electrochemical cells that

allow the study of thin film atmospheric corrosion in the

36,111-114,116,118,120,122

laboratory and to characterize the corrosivity of

outdoor exposure sites%’loe”lls’l16’“8’123—125. Studies of reactions
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occurring above and below paint films have also been made using

117-119
s

ACM . The cells are of two types - 2-electrode dissimilar metal type,

used for the measurement of galvanic corrosion, Ig, and 3-electrode
single-metal type, used to measure corrosion currents, Ik, and impedance, Z.
Both of these cell types present a flat surface to allow thin moisture films to
form between working and auxiliary electrodes without complications of
electrode shape which is a problem in assessing dissimilar metal corrosion in
the atmospherel?"é. The printed circuit type is easier to manufacture, smaller
in size123 and has a faster respon'se122 than the more bulky metal plate

assemblies set in epoxy resin.

These advantages come at the expense of certain disadvantages. They are
difficult and tedious to manufacturellé. In order to make an electrochemical
cell that presents a flat surface to the environment, the individual plates that
make up the cell have to be placed parallel with one another but on edge. This
arrangement is impossible for metallic coatings on steel such as galvanized
and ZINCALUME because such samples on edge are themselves dissimilar
metal couple ‘sandwiches' consisting of two coatings separated by a steel
substrate. In order to study the atmospheric corrosion of such metallic
coatings using ACMs, one has to resort to casting, rolling or slicing zinc or
zinc-aluminium alloys and using these plates on edge rather than galvanized or
ZINCALUME coated steel. This then poses the problem as to whether the
ACM cell simulating the metallic coating's corrosion behaviour is typical of
the metallic coating itself. This is the case in this thesis attempting to
simulate the atmospheric corrosion behaviour of ZINCALUME using cast and

rolled Zn-55%Al alloys.

The width of ACM plates and the insulator thickness separating them is a
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further problem. The ACM cell current diminishes with increases in both plate
thickness and insulator thicknesslls. as discussed in Section T5/1. Both these
factors result in reduced cell factor, CF. Thick insulation lowers CF.
Decreasing the insulator thickness will raise CF, thus potentially giving better
correlation with gravimetric mass loss, but this may give rise to partial shorts
as discussed below. Another difficulty is the influence of the surface state of
the metal at the start of the test. ACMs polished with diamond paste offer

“2. The printed

considerable resistance to coverage by electrolyte films
circuit type of ACM cannot be repolished in order to be reused. A new ACM
must be employed for each new experiment. The multiple plate assemblies
cast in epoxy can be repolished and used many times.

115 obtained cell factors, CF, for their polarization

Mansfeld and Tsai
resistance method using Equation (T75/1) in Section T5/1 of 0.18 for a
single-metal (Fe) ACM at different relative humidities, and CF ranging from
0.10 to 0.37 for a single-metal (Zn) ACM in similar experiments. They
considered that these ACM measurements can only be used as a qualitative
measure of corrosion rates. If, however, constant CF values are found
experimentally as they were for the Fe ACM, the electrochemical ACM data
can be converted into meaningful corrosion ratesl%. The cell factor has been
found to vary from exposure site to exposure site, depending to some extent on
the degree of pollution. A CF of approximately 0.36 was obtained after

exposing a single-metal (Zn) ACM at Birkenes in Southern Norway for a period

24
of one year

The polarization resistance method using Equation (T5/1) in Section T5/1 to
determine corrosion rates of ACMs has the limitation that the value of the

lumped Tafel slope constant, B, is unknown. This, alone, can lead to
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12116 Mansfeld and Tsai' !> considered that the possible range

inaccuraciesl
of B values (6.5-52 mV) was large enough to prevent calculation of corrosion
rates by this method. Furthermore, the time-of-wetness, which is required

for conversion of ACM data to mass loss, is difficult to estimate1 16.

Finally there is the problem of partial short circuits in ACMs. This is
considered due to bridging between adjacent plates by electron-conducting
corrosion products formed under a strongly acid, sulphur polluted surface
filmlza. The risk of this occurring increases when the insulator between
plates is made thinnermé’. This problem has been encountered with ACMs
made of Fe, Zn and to some extent Cu, but not Al. An insulation thickness of
400 um for Fe; 300 um for Zn; 200-300 um for Cu; and 100 um for Al has been
recommended”s. Partial shorts are frequently found for Fe ACMs, and

sometimes with Zn ACMsl 16.
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1. General

A review of the protection of metals by paints has been written recently by

the author, and published127. Only brief details are reproduced here.

The evaluation of the corrosion performance of painted metals has received
considerable attention over the years but recently there has been an upsurge
of interest in electrochemical testing. The aims of such tests have been to
find accelerated laboratory tests which can evaluate new paint systems much
quicker than by atmospheric exposure trials, and/or to provide a better
understanding of how a paint film protects a metal substrate. The mechanisms
involved in the protection of metals by paint films have been the subject of
controversy for many years. This is hardly surprising considering not only the
complexity of corrosion processes through paint films but also that paint films

vary widely in thickness and type with different mechanisms applicable.

2. Metal substrate

The type of metal substrate can influence the overall rate of degradation of
the painted metal. Tomashov et a1128, working on very thin (1-4 um)
insulating films on platinum, copper and iron stated that the electrochemical
nature of the metal is one of the deciding factors determining the initial
deterioration of the insulating film. They indicated that the rate of the
corrosion process on filmed metals increases as the metal's electrode potential
becomes more negative in the order - platinum, copper and iron, zinc and
aluminium. This is not completely in accord with expected behaviour.

Walter9 studied 25 um paint films on steel, galvanized steel, Zn/55%Al coated

steel and aluminium immersed in 5% NaCl solution at 50°C. He concluded
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that the corrosion performance of these painted metals, as measured by their
failure time (the immersion time taken for the resistive and capacitive
components of sample impedance to reach selected values) was directly
related to the corrosion resistance of the unpainted substrate, as assessed by

polarization resistance, shown in Figure T6/1.

3. Water, oxygen permeability

The reactants necessary for corrosion to proceed in normal environments are
water and oxygen. Aggressive ions, for example, chloride, can also influence
the rate of corrosion by forming soluble corrosion products and reducing the
electrolyte resistance between cathodic and anodic sites. As the corrosion
process can not proceed faster than the slowest mechanistic step, limiting the
rate of arrival of one of the reactants will slow the overall corrosion process.
The concept of the paint film as an impermeable membrane has been largely
discredited by permeability data for water and oxygen. In many paint

system3129—134, water permeability is faster than that required for corrosion

of the bare substratelzg_l”, indicating that the rate determining step is not

uptake of water. Likewise, it has been concluded that the weight of oxygen
which could pass through a number of paint films varies from one tenth to a
value greater than that consumed by an unpainted steel specimen. Since
exposed painted specimens do not corrode at these rates, unless the film has

been degraded, the rate of oxygen diffusion cannot be the rate controlling

factorMO in these cases.

4, Ionic resistance

Paint films which cannot inhibit corrosion by preventing water, water vapour
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and oxygen from reaching the substrate metal cannot inhibit the cathodic
oxygen reduction reaction. It has been pointed out by Mayneml that although
certain pigments (metallic, soluble or basic) may modify the anodic reaction of
metal corrosion, there are many types of paint not containing inhibitive
pigments which have given very satisfactory service. Such paints appear to

132,140,142

protect by virtue of their high electrolytic resistance which

impedes the movement of ions as the rate controlling step.

The relationship between the ionic resistance of a coating and its protective
ability has been discussed by Sykesm3 and Wolstenholme“m. The process of
corrosion involves a flow of electrons from anode to cathode sites through the
metal, accompanied by an ionic current flow that passes through the paint film
twice in going from anode to cathode, see Figure Té6/2. The potential drop
between anode and cathode dissipates most of the electrochemical driving
force for the corrosion reaction, and the corrosion current is small. This
causes the anodic and cathodic reactions to operate close to their reversible
potentials and the measured potential of the sample has a value somewhere
between that of the anodes and cathodes. The anodic areas will initially
constitute the larger proportion of the total ionic resistance because the area
of active anodes will initially be extremely smalllas. Current passes to the

cathodes through a much larger area of the coating, as deduced from the high

measured potential of samples in the early stages of immersion.

Studies have been made of the factors which control film resistance and the
mechanism by which ions flow through the polymer film. Kittleberger and
Elm146 found a linear felationship between the rate of diffusion of ions and
the reciprocal of the film resistance. Mayne:Ml concluded that when the dc

resistance of detached varnish films was high, it was controllied by the uptake
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of water, but when low the resistance of the film followed the resistance of
the solution in which it was immersed. Maitland and Mayne147 showed that
the resistance depended on two factors - uptake of water which is fast, and an
ion exchange process which is slow. The latter process may bring about a fall
in resistance, along with structural changes in the film which slowly destroy
its protective properties. Mayne132 determined that the amount of chloride
ions which could pass through a 100 um polystyrene film was several thousand
times smaller than the quantity of water which could pass through and
concluded that a polystyrene film is almost impermeable to chloride ions,
interposing a high ionic resistance between anodic and cathodic sites on the
metal surface. He proposed the following mechanism for corrosion of steel
under an unpigmented polystyrene film immersed in sea water. Water is first
taken up by the film, causing its resistance to fall. At first, corrosion would
be very slight due to iron corroding in the presence of water and oxygen.
Chloride ions would be excluded at this stage due to the negative charge on
the film. Corrosion of the steel would continue because the film is permeable
to positive ions - iron ions moving outwards at the anode and sodium ions
moving inwards at the cathodes. Only at a later stage would chloride ions
migrate into the film causing a further decrease in ionic resistance, slowly

reaching the metal surface to form soluble corrosion products. In this way,

steady breakdown of the resistance of the film will occur causing corrosion to

progressively increase.

5. Osmotic pressure

MorrellM8 pointed out that the presence of salts in solution in water inhibited
the uptake of water by varnishes, and the stronger the salt solution, the less is

the amount of water absorbed. Brasher and Nurse7 observed that paint
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blistering is more usual in fresh water than in sea water, whilst corrosion of
the substrate metal with accompanying paint breakdown is accelerated by the
presence of chloride ions in the solution. By capacitance measurements, they
confirmed previous conclusions of Kittleberger and Elmlag, arrived at by
gravimetric methods, that water uptake by the paint in the early stages of
immersion depends only on the osmotic pressure of the solution. Brasher and
Nurse7 showed that water uptake in painted steel panels in sucrose solutions
increased with both time of immersion up to equilibrium values, and with
decreasing osmotic pressure. The influence of osmotic pressure extends to
nearly 200 atmospheres. However water uptake is most sensitive to changes in
solution osmotic pressure in the low range below about 50 atmospheres. In
solutions of sodium chloride of various concentrations, paint breakdown
occurred more quickly the more dilute the solution, as shown in Figure T6/3
from capacitance/time curves. This led Brasher and Nurse7 to conclude that
the primary controlling factor in the life of the paint (the time to reach paint
breakdown) was the amount of water taken up. Ionic concentration was a
secondary controlling factor. In a series of mixed sucrose-NaCl solutions of
constant osmotic pressure, paint breakdown occurred more quickly, the higher

the chloride ion concentration.

However, Walter127 has shown that the time to breakdown (assessed from both
resistive and capacitive components of impedance at a frequency of | kHz) of
25 um painted Zn-55%Al coated steel at 50°C is inversely related to the
sodium chloride concentration, a fact which agrees with outdoor exposure
results that are related to distance from the ocean surf. This is opposite to
the results of Brasher and Nurse7 shown in Figure Té/3 which show a direct
relationship between time to breakdown and sodium chloride concentration.

Both sets of results are shown replotted in Figure Té/4, which illustrates their
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as a function of solution NaCl concentration: 0 painted steel from a paper by
Brasher and Nurse7; @® 25 um painted Zn-55% Al coated steel from a paper by

Walter127. t. calculated as time to reach a capacitance of 0.02 uF from Fig.
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striking differences. Note that whilst the trends in time to breakdown can be
compared, their absolute values cannot be compared between the two sets of
data due to the different methods of calculation. Whereas the primary factor
controlling the life of the paint film was determined by Brasher and Nurse to
be the amount of water taken up in the painted steel samples, this does not
appear to be the case with the painted Zn-55%Al samples tested by Walter. It
is more likely that transport of ions is the rate controlling factor in this
different paint system. The different trends shown in Figure Té/4 suggest that
it can be sometimes misleading to extrapolate the results of one painted metal

system to another.

6. Degradation mechanisms

Studies have been carried out on how water, water vapour, gases and ions
permeate through polymer films. Much of this work has been on whether pores
or capillaries exist or not, and has been summarized in several literature
reﬁ-:'rencesl50—152 The distribution of water within paint films has been
investigated by comparing water uptake/time curves obtained by gravimetric
and capacitance methods153 to distinguish between water in pores normal to
the surface, in layers parallel to the surface, or randomly distributed.
Phase-contrast microscopy has been used to visually detect the distribution of
wateer, which is shown to be different for different paint film types. The
formation of a boundary layer, also termed aqueous phase water or water-rich
layer, at the paint film/substrate interface is thought to be the destructive
form of water causing corrosion of the substratem1 and a decrease in paint
film adhesionlsa. High frequency dielectric measurements have been used to

identify this water-rich layera, and combined with a calorimetric technique to

distinguish microscopic water filled cavities, termed clusters, in



T6 gl

polyethylenelSS. D'Alkaine et al156 have shown that the amount of water
absorbed, see Figure Té6/5, in attached films is quite different from unattached
films not only as a consequence of water accumulation at the film/substrate
interphase, but thought also due to some special influence of the metal itself.
These findings have led them to cast doubts on the extrapolation of unattached
film results to films attached to metals in actual practice. One explanation of
the influence of the substrate has been given by Kresselw. The primary
action of water diffusing through the paint film causes anodic corrosion of the
substrate and cathodic oxygen reduction resulting in the formation of hydroxyl
ions. As a secondary effect, these hydroxyl ions can have a hydrolyzing effect
on the paint binder, making the binder more permeable to water in the case of
easily hydrolyzing binders. 1t should be noted that cathodic oxygen reduction
resulting in the formation of hydroxyl ions can only occur if another cation,
such as the sodium ion, is present at the paint/metal interface to balance the

charge locally.

A number of cross-linked polymer films (alkyd, tung oil, epoxy, polyurethane,
urethane alkyd has been shown to be heterogeneous in structure, containing
small areas, termed D-type areas, which have a vastly lower ionic resistance
than the rest of the film, called I-type areaslse, as illustrated in Figure T6/6.
With direct or D-type conduction in paint films, the dc resistance of the film
follows that of the solution in which it is immersed, whereas with inverse or
I-type conduction, the film resistance increases with increasing concentration
of electrolyte. Differences between D- and I-type areas have been connected
with differences in cross-linking density within the polymer filmMO.
Breakdown of the painted metal has been shown to occur at D-type areas of
low resistance where polymer cross-linking density is presumably lower,

leading to corrosion of the substrat8159.
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Funke160 considered that differences in corrosion performance of various
coating systems could be explained by primary parameters of wet adhesion,
oxygen and water permeability. Padget and Mon—:'landM consider that then
reduction in water permeability is particularly important. They considered
that even when water permeation is directly prevented, the conductivity and
resistance of the coating is highly dependent upon the water content of the
coating because it strongly influences solubilization of ions and the ionic

diffusion characteristics of the film.

7. Choice of testing method

In order to measure the overall rate of corrosion degradation of a painted
metal in a given environment, a simple, repetitive, relatively non-destructive
test is desirable. A critical review of dc electrochemical tests for painted
metals has been published recently by the authorlél. The dc tests discussed
are potential/time, dc resistance, polarization curve, polarization resistance
and galvanic current tests, of which the potential/time and polarization
resistance methods are regarded as the most appropriate dc methods for a
laboratory corrosion performance test. However, it was concluded that none

of the dc methods were ideally suitable as a corrosion rating test for painted

metals.

The impedance technique is discussed at length in Section T1, both as a single
frequency test (Section T1/2) and a wide frequency range test (Section T1/3),
and its applications to painted metals in Section T1/5. Both single and wide
frequency range impédance methods can be performed in low conductivity
media where conventional dc methods are difficult, and both give a

quantitative estimation of sample failure. Their limitations are discussed in



16 84

Section Tl/3. As long as the sinewave signal is maintained around the
sample's linear range (Section TI1/1.2), these tests are relatively

non-destructive, repetitive and simple to operate, especially the single
frequency test, with modern instrumentation such as frequency response

analyzers (Section T1/1.3).

It is concluded that impedance methods are suitable for rapid laboratory
assessment of corrosion performance of painted metals and possess advantages

over dc electrochemical methods.

8. Water uptake calculations

Water uptake by the paint film can be calculated using the Brasher and

- Kingsbury 1’01‘mula153 according to Equation (T6/1):

XV = [100 log (Cm’t/Cm’O)]/log 80 (T6/1)
where XV = water uptake in paint film (% v/v)
,C = measured values of 1 kHz capacitance at time,
m,t” m,o

t, and at zero time, respectively

80 = dielectric constant of absorbed water

The value of Cm o can be calculated by extrapolating _readings of Cm ¢ taken

in the first 20 minutes of sample immersion back to zero time.

Other equations have been used to calculate water uptake from impedance
measurements, but the empirical Equation (T6/1) of Brasher and Kingsbury

gave better agreement with gravimetric resultslé’2
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El.l Electrochemical Test System

l. Instrumentation

Two sets of instruments, digital and analoque, were used.

Figure E1/1 shows the main digital instruments and how they were connected
to the computer. The computer used was a Hewlett-Packard Model 217H
containing a built-in HPIB interface, an analogue-to-digital card, Model HP
98640A, a floating point maths card, Model HP 98635A, to speed calculations,
and 1.25 M byte of RAM. Connection to most of the peripheral instruments
was achieved via HPIB interfacing cables. Mass storage was a combined
double-sided 3.5 in flexible disc/15 M byte hard disc, Model HP 9133D. A

printer, Model HP 2225AK Thinkjet, and a plotter, Model HP 7475A were

connected to obtain hard copies of graphs and tables.

A Solartron Model 1286 Electrochemical Interface was used for corrosion
current, polarization resistance and low polarization data experiments.
Impedance experiments were performed using the Electrochemical Interface in
conjunction with a Solartron Model 1250 Frequency Response Analyzer.
Galvanic currents were measured on an operational amplifier box which could
be switched to operate as either potentiostat, galvanostat or zero resistance
ammeter, the latter mode being used for galvanic currents. Voltages
proportional to the galvanic current were sent via a shielded cable to the
computer's analogue-to-digital card for storage, plotting or tabulation. Most

tests were performed using the above digital based instrumentation.
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Figure E1/1. Digital instrumentation used in the electrochemical test system. FRA
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Figure E1/2. Analogue instrumentation used in the electrochemical test
system. Refer Section E /1.
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The analogue instrumentation is shown in Figure E1/2. The central instrument
was a Wenking Model 68TS1 potentiostat. With the aid of the external
switching panel, this could be wired as either potentiostat, galvanostat or zero
resistance ammeter. A Wenking Model SMP 69 Scanning Potentiometer could
be used to superimpose a potential on the potentiostat's potential and thus
serve to obtain potentiodynamic or galvanodynamic polarization curves. A
Wenking Model PPT 67 Precision Potential Meter was capable of measuring
working/reference potentials and served as both a very high impedance voltage
follower (preventing polarization of small commercial saturated calomel
reference electrodes) and as a means of backing off the unwanted portion of
the voltage and thereby raising the measurement sensitivity. A Honeywell
Model Electronik 194 Lab Y/t recorder was used to record results from

polarization resistance and polarization curve tests.

2. Electrochemical test system computer programs - overview

A series of programs has been written in HP BASIC 5.0 (a powerful
Fortran-like operating system supplied by Hewlett-Packard), to form an
electrochemical test system. The test system comprises one main controlling
program, CONTROL, which allows the operator to select a number of
subprograms. These subprograms are either related to one of three
electrochemical test methods (impedance, galvanic current, corrosion current)
or are concerned with general computer tasks such as plotting, sample number

allocation or data storage and retrieval.

The three test method subprograms control instruments dedicated to the
collection of electrochemical data. Each instrument can be set up in a

specified manner by the computer under program control so that



experiments on electrochemical cells are initiated and data collected. This
data is then either tabulated, plotted, stored on disc or further analyzed.
Details of each program, together with a flowchart, appear in Section Al. A
typical sequence of events for an experiment by either of the three test

methods would be:

allocation of sample numbers
enter sample immersion time
perform electrochemical test
store data results

plot data

further analysis of data

.U‘\.ﬂJ-\WN'—‘

3. Sample number allocation

Samples were identified by a number code using program SAMPLE_NUM, see
Section Al/6.2. These codes, plus associated information, were stored on the
computer's hard disc. A number of samples, called a series, were usually
tested for each experiment and the series was given a title. A sample series
could be further divided into groups, each group representing a different
parameter, eg primer thickness, to be evaluated. Each group contained a
number (from | to 5) of identical samples, and was given a distinct title.
Sample details such as sample area and initial immersion time were recorded
to assist in the later calculation of results, eg conversion of corrosion rates to
unit area, or calculation of immersion time interval. All this information

could be retrieved from disc by an operator upon entering the sample code.

4, Computer-controlled electrochemical tests

Three standard electrochemical tests were controlled by computer programs.
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The impedance test was performed by subprogram FRA EXPT, Section Al/4.1,
which controlled the Solartron Model 1250 Frequency Response Analyzer and
the Solartron Model 1286 Electrochemical Interface operating in galvanostatic
mode, Section El/1. Either a single frequency (1l kHz) or a wide frequency

range (65 kHz - 0.1 Hz) test could be performed, see Section E1.2/2.

The galvanic current test was performed by program CONTROL, see Section
Al/2.1,2.2. This program made periodic calls to subprogram ADC, Section
Al/3.1, which used the analogue-to-digital card in the computer, see Figure
El/1 and Section El/l. The analogue-to-digital card measured the voltage
drop across a current measuring resistor, Rx' in the operational amplifier box,

switched to operate as a zero resistance ammeter, see Section E1.2/3.

The corrosion current test was performed by subprogram RP_EXPT, Section
Al1/5.1, which controlled the Solartron Model 1286 Electrochemicél Interface,
Section E1/1, selected to operate in galvanostatic mode. The size and sign of
current steps could be selected by the opefator. These current steps were sent
to the test cell and the voltage response of the working electrode recorded for

data analysis, see Sections E1.1/5, E1.2/4.

5. Computer program experimental data analysis

Only minimal analysis of experimental impedance data is performed in
subprogram FRA EXPT. No data analysis was involved in the single frequency
impedance test. Data was obtained in cartesian form (a+jb) from the Solartron
Model 1250 Frequency Response Analyzer and stored on computer disc in this
form using a coded format as described in Section Al/6.3. The wide frequency

range test initially plotted data to the VDU screen as Nyquist plots, but data



could be recalculated in cartesian form as Nyquist plots of b versus a or in
polar form (r,0) as Bode plots of either log r versus log f or © versus log f, see
Section T1/3, and thence replotted in these forms using subprogram PLOTS,
refer Section Al/7.1. Data is stored on hard disc in cartesian form using a
coded format. Further analysis of all impedance plots, whether Nyquist or

Bode, was carried out manually, see Sections T1/4,5.

Galvanic current/time data, obtained from subprogram ADC, Section Al/3.1,
can either be converted to coulombs and mass loss in subprogram MASS L 0SS,
Section Al/3.2, and stored in coded format on hard disc, or plotted using

subprogram PLOT8, Section Al/7.1.

The corrosion current test performed experiments to obtain
voltage/current/time data (E,I,t), using subprogram RP_EXPT, Section A1/5.1.
This data was stored in coded format on hard disc. In order to calculate
corrosion currents and Tafel slopes from this data, the polarization, €, value at
the steady state time must be calculated for each current step, I. Figure E1/3
indicates how this was done. The ¢ value can be accurately obtained even in
the presence of steady, slow upward or downward drifts in corrosion potential,
Ek' The value of Ek at the operator chosen voltage reading time, tv, is
calculated by extrapolating the voltage readings before the current step to tv.
The value of ¢ is then the difference between the voltage response, E, at tv
The set of (I,¢) values so

and the extrapolated value of E , that is e=E-[E

k’ k]tv'
obtained are plotted as data points on an (I,¢) graph. Values of corrosion

current, Ik' anodic and cathodic Tafel slopes, ba and bC are then calculated

using the non-linear iterative analysis routines described in Section Al/5.2,

and a curve is plotted through the data points.



6. Data Storage and Retrieval

Experimental data for each of the three experiment types were stored on disc
as coded integers using subprogram STORE_DATA, Section Al/6.3. Each data
set is identified by a specific sample number code and a run number, the latter
indicating the particular experimental run carried out and stored for that
sample. For the impedance test, frequency, f, a and b are stored. Coulombs,
g, mass loss, M, and Ig/time data are stored for galvanic current tests. The
corrosion current test stores the set current, the number of readings for each
current step and voltage/current/time readings. Experimental run time is also

stored for each experiment type.

Experimental data are retrieved from disc and decoded using subprogram
EDIT DISC, Section Al/6.4. Retrieval of data is used for listing/printing data
sets, plotting or further data analysis. Besides listing a particular
experimental data set, information about the data can also be accessed. This
includes series and group titles, sample area, initial immersion time,

experiment run time, immersion time interval and sample/run numbers.

7. Plotting

Both the impedance and galvanic current tests make calls to subprogram
PLOTS, Section Al/7.1. Corrosion current tests make use of specific plotting
and curve fitting routines in subprogram THEO_IK, Section Al/5.3, which have
autoscaling but are otherwise inflexible. Subprogram PLOT8 is a general
purpose plotting routine that can operate independently or be called from
within another program, which can pass a set of defaults that select various

plotting options in PLOT8 such as plot type, plot title, plot position, axis
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Figure E1/3. Method of determining the polarization value, ¢(=E-E}), from a
voltage response to an applied current step, I, in the presence of slow
downward or upward drifts in corrosion potential, Ey. E| before current step
is extrapolated to the voltage reading time, t,,.
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Figure E1/4. Types of electrochemical cells used in the electrochemical test
system containing working, W, reference, R, and auxiliary, A, electrodes.
a) 2-electrode 50C cell; b) 3-electrode 50C cell; c) 3-electrode room
temperature cell.
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labels, autoscaled or fixed axes, pen colour, etc. Within PLOTS8, the operator

can alter existing plotting options for axis range, pen choice, symbol on/off,

symbol type, graph extension, plot title, output device, axis/grid choice.

El.2 Electrochemical Techniques

l. Electrochemical cells

Two types of electrochemical cells were used - full immersion type and
simulated atmospheric ACM type, both being made in 2-electrode and
3-electrode configurations, see Figure E1/4. Painted metal studies in Section
E3 used the full immersion type cell, while both full immersion and ACM type

cells were used in the simulated atmospheric corrosion studies in Section E2.

1.1 Full immersion type cell

The full immersion 2-electrode and 3-electrode types were similar - both
consisted of a working and an auxiliary electrode. The 3-electrode
configuration had an additional reference electrode. The auxiliary electrode
was a large (25 cmz) fine mesh platinum electrode, (19 holes/cm, wire
diameter 0.0l15 cm). The working electrode was either a painted or an

unpainted metal.

Impedance studies on painted metals, Section E3, employed the 2-electrode
cell configuration for tests at 50°C, see Figure El/4a. The painted metal
working electrodes usually had an exposed area of 6 cmz. The reverse face,
edges and lacquered copper lead out wire were coated with Ciba-Geigy kit

K273 Araldite epoxy resin. Tests showed that samples completely coated with



this resin had a much higher impedance than the impedance of painted metals
under test, and therefore their contribution could be neglected. Likewise,
tests showed that the impedance of the platinum auxiliary electrodes was
negligible compared to the impedance of the painted metals. Therefore the
impedance of the 2-electrode cell was essentially equal to the impedance of

the painted metal/solution interface.

The electrodes were mounted in different cell assemblies depending on
whether experiments were performed at 50°C or room temperature. For
experiments at 50°C (2- or 3-electrode configuration in Figure El/4a,b), the
electrodes were mounted in stoppers cast from Dow Corning RTV 734 Silastic
self-levelling silicone rubber sealant. These stoppers had four holes bored
through them with a cork borer - two small holes for working and auxiliary
electrodes and two large holes - one for the Luggin probe/reference electrode
(for the 3-electrode cell configuration) and one (diameter 1 cm) for air access
to the cell. The stopper assemblies containing the electrodes were pushed into
the top of large (5 cm diameter) glass test tubes which contained 150 mL of
test solution. The glass test tubes were immersed in a thermostatted (Braun
Thermomix Model 1441 heater/stirrer) oil bath (Esso Marcol 82 mineral oil) at
50°C. This cell type is illustrated in Figure El/4a. For experiments at room
temperature (3-electrode configuration), the electrodes were clamped into
perspex or Formica rectangular cell tops with slots cut for working and
auxiliary electrodes, which were held in place by nylon bolts threaded into the
cell top. A hole was drilled for the Luggin probe/reference assembly. These
cell tops were placed on top of glass beakers of various sizes depending on the
experimeﬁt (600 mL or 1 L). This cell type is illustrated in Figure El/4c.
Unpainted metal working electrodes had the reverse face, edges and top of the

sample coated with Canning Fortolac stop-off lacquer so as to expose 6 cm
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to the electrolyte.

The 3-electrode cell configuration for tests at 50°C is shown in Figure El/4b
and differs from the 2-electrode configuration in Figure El/4a only by the
inclusion of Luggin probe/reference electrode assembly. As shown in Figure
El/4b,c, the Luggin probe is simply a smaller test tube containing a
commercial saturated calomel reference electrode that sits in the larger test
tube cell. A capillary protrudes from the bottom of the smaller test tube and
is bent around towards the working electrode, fronting up to within about
l mm of the surface and having an internal/external diameter of about
1,2 mm. The Luggin probe test tube assembly minimizes the solution IRS drop
between working and auxiliary electrodes by minimizing the distance between
working electrode and probe tip. This distance is a compromise which
attempts to minimize the distance whilst not introducing an excessive amount
of shielding of the working electrode by the Luggin probe163. The

Luggin/reference probe assembly for the 3-electrode cell for room

temperature tests is identical to that described above, see Figure El/4c.

1.2 Simulated atmospheric ACM type cell

Both 2-electrode and 3-electrode cells were made in order to simulate
atmospheric behaviour in the laboratory. These cells have been termed
Atmospheric Corrosion Monitors, ACMs, also known as thin water film wafer
cells. These are described in detail in Section E2.4 and shown in Figure E2/6.
The 2-electrode configuration was used to measure galvanic currents flowing
between dissimilar metals (eg zinc and steel) of the wafer cell, representing
working and auxiliary electrodes. Three types of 2-electrode cells were made

- zinc/steel, cast and rolled Zn-55%Al alloy/steel. The 3-electrode
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configuration was used to measure polarization resistance, corrosion currents,
Tafel slopes of the working electrode or impedance of the cell. It consisted of
working, reference and auxiliary electrodes, all of identical material. Three

types of 3-electrode cells were made - zinc, steel, and rolled Zn-55%Al alloy.

2. Impedance test

Both single frequency (1 kHz) and wide frequency range impedance tests were
carried out. The single frequency test was used only for painted metal studies
in Section E3, whilst the wide frequency range test was used for both painted
(Section E3) and unpainted metal (Section E2) studies. Impedance tests were
performed using 2-electrode cell configuration, Section E1.2/1.1, for full
immersion painted metal studies in Section E3, and 3-electrode ACMs (in
which the lead out wire from the reference plates was left unconnected) for

simulated atmospheric ACM type cells, Section £2.6/4.

2.1 Single freguency (1 kHz) test

The single frequency test is performed using the same instrumentation and
technique as the wide frequency range test, as per Section E1.2/2.2, except
that a frequency sweep is not performed. A frequency of I kHz is selected,
sent through the test cell and a measurement of impedance, Z=a + jb is made.
Repeat measurements can be made as often as desired, or the frequency can
be switched off. Measurement intervals are indicated in Section E3.2/4.2 for

attached paint films, and Section E3.2/4.4 for free paint films.
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2.2 Wide frequency range test

A sine wave frequency sweep is initiated, starting at the maximum frequency
(65 kHz) of the Solartron Model 1250 Frequency Respanse Analyser, FRA, and
finishing at a frequency selected by the operator (usually 0.1 or | Hz). The
FRA generates a sine wave voltage, eg, which is converted into a sine wave

current, i by the Solartron Model 1286 Electrochemical Interface, ECI, see

cell’
Figures EI1/1, E1/5, operating in galvanostatic mode, and sent through the
2-electrode cell configuration, Section £1.2/1. The sine wave voltage

response from the cell, e is compared with the generated sine wave

cell’
current in the analyzer section of the FRA. By selecting a [channel 2/channel
1] ratio measurement, and a divide by factor of 1/Rx (Rx = current control
resistor selected in ECI), in the set-up of the FRA, as controlled by program

FRA_EXPT, see Section Al/4.1, the resistive, a, and reactive, b, components

of impedance, Z, are displayed on the FRA according to Equations (E1-E2).

Za ecell/lcell
= (ecell/ex') Rx

Z = Ch2/Chl.Rx (ED)
= a+ jb (EZ)

A downward frequency sweep direction is preferable to an upward sweep
because it has been found that low frequencies (around 1 Hz and less)
temporarily change the impedance of the immersed painted metal more so
than high frequencies. The impedance data will be more accurately obtained

from a downward sweep.

The galvanostatic method (sine wave currents) rather than the potentiostatic
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Figure E1/5. The wide frequency range test. Frequency Response Analyzer,
FRA, generates a sinewave voltage, eq. This is converted into a sinewave
current, igell, by the Electrochemical Interface, £ECI, using its nternal current
control resistor, Ry, and sent through the 2-electrode cell. W, A working,
auxiliary electrodes of cell; also refers to working, auxiliary electrodes of cell;
also refers to working, auxiliary inputs to ECI; R1, R2 reference inputs to ECI;
gen FRA generator output; pol i/p polarization (external) input of ECI.
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method (sine wave voltages) was preferred because the potential of paint films
1s not very stable with immersion time, which would require continual
adjustment of the potentiostat's control potential to ensure that the dc
current is zero. The galvanostatic method does not require a reference
electrode for impedance measurements, and is therefore simpler to use.
Although the painted metal impedance is in the control circuit of the
galvanostat with the galvanostatic mode, it has been possible to measure the
impedance of paint films having resistances in excess of 30 M ohm. Stray cell
capacitance can alter the shape of the Nyquist impedance plot at high
frequencies and particularly the intercept on the a-axis, commonly interpreted
as solution resistance. This has been discussed elsewhere16 along with
methods of compensation for stray capacitance. No compensation for stray

capacitance was made for any of the results presented in this thesis.

3. Galvanic current test

Galvanic current tests, Section E2.6/2, were performed on 2-electrode ACM
cell configurations, Section E1.2/1.2. Galvanic currents were measured by
connecting the lead out wires from anode and cathode dissimilar metal plates
of the ACM wafer cell up to a ‘home-made' operational amplifier box
switched to operate in zero-resistance ammeter mode, see Section El.l/4.
After switching the box on, a shorting link between the two dissimilar metals
of the ACM was removed and the galvanic current measured as the voltage
drop, Vg' across a current measuring resistor, Rx, see Figure T2/3 in Section
T2/3. Periodically, and automatically, measurements of Vg were made using

the computer's analogue-to-digital card, see Section A1/3.1.
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4. Corrosion current tests

Corrosion current tests were performed on simulated atmospheric ACM type
cells, Section E2.6/5. Tests were conducted using the computer controlled
Solartron Model 1286 Electrochemical Interface, ECI, in galvanostatic mode
for corrosion current tests, Sections El.1/4 and E2.6/5. When the working
electrode's corrosion potential, Ek’ had become reasonably steady with time, a
series of current steps were sent through the electrochemical cell, and the
voltage response of the working electrode was monitored on computer screen.
Between each current step the current was switched off after about 10
seconds, and the corrosion potential monitored until a reasonably steady value
was again reached. Figure T3/3, Section T3/3 schematically illustrates a
series of current steps and voltage responses obtained in a typical experiment.
The current steps differ in magnitude and sign so as to produce a polarization
curve either side (anodic and cathodic) of Ek’ see Section T3/3. The order of
obtaining the current steps was either a series of anodic steps followed by a
series of cathodic steps or an anodic step followed by a cathodic step. The
latter method is probably better because small changes (pH or metal ions)
produced by the anodic step would be minimized by the cathodic step, which

may possibly result in better curve fitting of the (I,¢) data.

Slow steady upward or downward drifts in Ek prior to the current step could be

tolerated because the value of E, was extrapolated to the voltage response

k
reading time in computer program, RP_EXPT, see Figure El/3, Section
El.1/5. The times for reading the voltage response approximate the times to a

steady state situation and are given in Section E2.6/5 for ACM tests. The

frequency of performing the corrosion current test is also given.
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E2.1 Phthalate-buffered 0.1 M NaCl, pH 5.3 (refer Section E2.2/1.4)

Phthalate-buffered 0.1 ™M NaCl solution, pH 5.3, was made by adding
potassium hydrogen phthalate solution (500 mL, 0.1 M KHCaHaoa) to sodium
hydroxide solution (315 mL, 0.1 M NaQOH), sodium chloride (5.845 g NaCl) and

diluting to 1 litre. The pH was adjusted to pH 5.3 with 0.1 M NaOH solutian.

E2.2 Metals/Alloys

l. ACM tests (refer Section E2.6)

1.1 Steel
capped steel sheet, coils 4277, 1452 abraded to #600 grade.
dimensions (mm): Coil - 75(1) x 35(w) x 0.53 av (thick) ACM]

Coil 4277 67(l) x 35(w) x 0.86 av (thick) ACM2,5,9
Coil 1452 67(1) x 35(w) x 0.68 av (thick) ACMS,7

analysis: (%): Coil 4277
C P Mn Si S Ni Cr Mo Cu Al 65n
.04 .01l .24 .000 .0l .02 .0l .002 .01 .004 .000
Ti Nb N @)
.002 .004 .003 .06
1.2 Zinc
soft Titan zinc rolled sheet abraded to #600 grade.
dimensions: 67(1) x 35 (w) x 0.65 (thick) ACM2,3,7
analysis: (%)
Zn Ti Cd Cu
>99.97 <0.02 0.004 0.004

1.3 Cast Zn-55%Al alloy

cast Zn-55%Al alloy, water quenched abraded to #600 grade.
dimensions (mm): 60(1) x 35 (w) x 2.36 av (thick) ACMI]

analysis (%):
Zn Al Fe Si

cast Zn-55%Al alloy 41.6 56.6 0.90 1.05

typical ZINCALUME coating 42.8 55.2 1.02 1.02
The Zn-55%Al alloy was cast by pouring molten alloy, taken from the
ZINCALUME production line bath, into a preheated steel mould, followed by

water quenching after the alloy had solidified. Alloy plates, approximately
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90 x 90 x 2 mm were produced by this procedure and cut with a hacksaw to the
required plate size (2.36 av x 70 x 25 mm) for manufacturing ACMs,
approximately 70 x 25 x 2.36 av mm for working and auxiliary plates, see

Section E2.4/2.
The corrosion characteristics of cast Zn-55%Al alloy were evaluated and
compared with rolled/heat treated Zn-55%Al alloy and a typical ZINCALUME

coating, Section E2.2/1.4. Results are discussed in Section R1.2/3.

1.4 Rolled Zn-55%Al alloy

rolled Zn-55%Al alloy, heat treated 400°C for 0.5 hour, furnace cooled
to 260°C and held for 24 hours, furnace cooled, abraded to #600 grade.

dimensions (mm): 67 (1) x 35 (w) x 0.82 (thick) ACMA4,5,9
analysis (%):
Zn Al Fe Si
cast Zn-55%Al alloy 41.5 56.9 0.57
typical ZINCALUME coating 42.8 55.2 1.02

The Zn-S55%Al alloy was cast by pouring molten alloy, taken from the
ZINCALUME production line bath, into a preheated mould and allowed to cool
in air. Alloy rectangular bars, approximately 20 x 50 x 175 mm were
produced. These were rolled over about five passes in an experimental rolling
mill at 350°C, which resulted in about a 25% reduction. A further pass split
the bar down the middle. After air cooling, one half of the bar was cold rolled
by 50-60% and annealed for 60 hours at 260°C. Further passes of cold rolling
and annealing were performed to achieve the desired thickness of

approximately 1 mm.

A number of final annealing cycles were attempted in order to produce a
microstructure as close to the ZINCALUME coating structure as possible. The

main aim of the anneal cycle was to coarsen the B-phase particles. The anneal
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cycle chosen as being the best approach was to heat at 400°C for 0.5 hour,
furnace cool to 260°C and hold for 24 hours, followed by furnace cooling to
room temperature. Rolled alloy strip, about 500 x 70 x 0.9 mm was produced
by this procedure and cut to the required plate sizes for manufacturing ACMs,
approximately 62 x 35 x 0.9 mm for working and auxiliary plates, and 67 x 35 x

0.9 mm for reference plates, see Section E2.4/2.

The corrosion characteristics of the rolled (and cast, Section E2.2/1.3)
Zn-55%Al alloy were compared against that of a typical ZINCALUME coating,
see Section E£2.2/1.5, by immersion in phthalate-buffered 0.1 M NaCl solution,
pH 5.3 at room temperature, Section E2.1, over 38 days. This solution was
chosen because the corrosion characteristics of ZINCALUME coated steel had

164 " 1he slightly acidic buffer solution

previously been determined in it
resulted in soluble corrosion products of zinc, and the total life of the coating
(Zn-rich and Al-rich phases) could be evaluated in a period of weeks. The
corrosion potential, Ek’ was measured as a function of immersion time using
the analogue potential meter, Section EIl.1/1, and an electrochemical
3-electrode full immersion type cell, Section E1.2/1.1. The exposed area of

the working electrodes was 3.5 cmz. Results are discussed in Section R1.2/3.

1.5 Unppassivated ZINCALUME coated steel (refer Section E2.2/1.4, E2.6/3)

AZ150 (75 g.m—2 Zn-55%Al coating per side) ZINCALUME coated steel sheet,
coil X0525, oiled, unpassivated production line feed from paint line. Material

degreased with MEK prior to use.
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Pollution Gas Box, PGB, weighed mass loss tests (refer Sections £E2.5)

Steel sheet. Same as ACM tests (Coil 4277), Section E2.2/1.1.

dimensions (mm) exposed area (mmz) expt no.
70 (1) x 30 (w) x 0.86 (thick) 1500 (PGB99-112)
35 (1) x 30 (w) x 0.86 (thick) 750 (PGBI113-139)
35 (1) x 30 (w) x 0.86 (thick) 530 (PGB140)
35 (1) x 30 (w) x 0.86 (thick) 338 (PGB145-147)
30 (1) x 22 (2) x 0.86 (thick) 338 (PGB148-158)

Zinc sheet. Same as for ACM tests, Section £2.2/1.2

35 (1) x 30 (w) x 0.58 (thick) 750 (PGBIL17-128)
35 (1) x 30 (w) x 0.58 (thick) 530 (PGB144)
35 (1) x 30 (w) x 0.58 (thick) 338 (PGB145-147)

Galvanized steel sheet

7300 passivated galvanized steel sheet, 16/3/84, Coil No. A81307

dimensions (mm) exposed area (mmz) expt no.
35 (1) x 30 (w) x 0.80 (thick) 750 (PGBI113-116)
coating mass (g.m~2.side ™)) 150 (side A) 200 (side B)
total chromium (mg.m-'2 surface) 13 13

7300 unpassivated galvanized steel sheet

dimensions (mm) exposed area (mmz) expt no.
35 (1) x 30 (w) x 0.64 (thick) 750 (PGB129-139)
35 (1) x 30 (w) x 0.64 (thick) 530 (PGB140)

ZINCAL UME coated steel sheet

AZ150 passivated ZINCALUME coated steel sheet Coil No. 3615-20

35 (1) x 30 (w) x 0.49 (thick) 750 (PGBI113-116)
total chromium (mg.m—2 surface) 33 (side A) 28 (side B)
AZ150 unpassivated ZINCALUME coated steel sheet Coil No. 0525
35 (1) x 30 (w) x 0.52 (thick) 750 (PGB129-139)
35 (1) x 30 (w) x 0.52 (thick) 530 (PGB140)
Cast Zn-55%Al alloy plates. same as ACM tests, Section E2.2/1.3
{ .

dimensions (mm) exposed area (mmz) expt no.

70 (1) x 30 (w) x 4 (thick) 1500 (PGB99-112)

(PGB117-128)
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2.6 Rolled Zn-55%Al alloy plates. Same as for ACM tests, Section E2.2/1.4

dimensions (mm) exposed area (mmz) expt no.
35 (1) x 30 (w) x 0.63 (thick) 530 (PGBl44)
30 (1) x 27 (w) x 0.63 (thick) 338 (PGBIl45-147)

2.7 Aluminium sheet

35 (1) x 25 (w) x 0.65 (thick) 530 (PGBl44)
35 (1) x 25 (w) x 0.65 (thick) 338 (PGBl145-147)

E2.3 Pollution Gas Box, PGB

l. Design

Figure E2/]1 is a flowchart of the pollution gas box, PGB, system which is
based on apparatus used by Speddinglé’5 and Johnson and Bromleyléé.
Essentially, this is a constant temperature environment containing three test

chambers through which humidified laboratory air, which can be mixed with a

pollutant gas, flows. Test samples are exposed to the air stream in the test

chambers.
2. Air pump

Laboratory air (6 L.mindl) is first passed through a Drechsel bottle containing
glass wool and .acting as a dust filter, and thence through a flowmeter
(Gilmont No. 13 200-12 500 mL.min—l). The air stream is pushed through the
PGB system by an air pump (Iwaki diaphragm air pump Model AP 115A,

maximum capacity 15 L.min—l).

3. Relative humidity controi stage

Following the pump is a relative humidity control stage, Figure E2/2. This
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Figure E2/1. Flowchart of pollution gas box, PGB. DF dust filter; AP air
pump; RH relative humidity controller; PH preheater; DA dilution apparatus;
TC test chamber; OH outlet heater; FM flow meter (FM10,12,13 Gilmont No.
10,12,13).
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Fiqures E2/2,3. Relative humidity control stage (Fig. E2/2), and preheater
(Fig. E2/3) in pollution gas box, refer Fig. E2/1. GF glass flask; FL flanged lid;
GB gas bubbler; DW distilled water; IH immersion heater; CS control sensor;
MS temperature measuring sensor; GC glass coil.
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consists of a large (I L capacity) cylindrical glass flask with a flanged lid. The
flask is filled with distilled water. The air stream is passed via a coned glass
joint (B19/26) in the flanged lid through a gas bubbler (zero porosity glass frit)
which is immersed in the water. The gas stream is thereby broken up into a
fine stream of bubbles and will become 100% saturated at the temperature of
the water. The water temperature is controlled by a thermoregular operating
a fish tank heater (150 W) and is sensed by a transistorized sensor. The heater
is immersed in oil contained in a glass finger which is itself immersed in the
water. The sensor is fixed with sealant (Silastic RTV 732 silicone rubber) at
the bottom of a long, thin glass tube and makes intimate contact with the
water. The water temperature is measured by a separate integrated circuit
sensor, fixed in the same manner as the thermoregular's sensor. All three
glass fingers are attached to the flanged glass lid. The relative humidity of
16

the air stream was calculated 7 knowing the temperatures of the water (the

wet temperature) and the test chambers (the dry temperature).
4. Preheater

After the relative humidity control stage, the air stream is passed through a
preheater and then into the PGB itself. The preheater, see Figure E2/3,
warms the air stream up to the temperature of the PGB and thus lowers its
relative humidity towards that required in the test chambers. The preheater is
a cylindrical glass water jacket containing a glass helical coil immersed in
water, through which the air stream flows. The water jacket has inlets for a

fish tank heater, a thermoregulator sensor and a measuring sensor, as

described in Section 2.3/3.
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5. Pollution gas box housing

The PGB housing is a perspex box (710 w x 520 h x 410 d mm) which contains
three test chamber flowmeters (Gilmont Ix No. 12 20-2100, 2 x No. 13
200-12 500 mL.min—l), three test chambers and two gas dilution chambers,
through which the air stream flows. The temperature of the PGB housing was
controlled at 35°C by a thermoregular operated by a sensor and a fish tank

heater, see Section E2.3/3. An air fan (Dick Smith rotary fan model Y-8500)

circulated hot air surrounding the heater around the entire PGB housing.

6. Test chambers

Three glass test chambers are contained in the PGB housing. These contain
test samples to be evaluated. Two of the test chambers can operate at
varying levels of pollutant gas which is bled into the gas stream via gas
dilution chambers, Section E2.3/7. The test chambers, see Figure E2/4, are
glass cylinders (diameter 100 mm ID, approx 250 mm high) with a flanged glass
lid at the top which is clamped to the test chamber with clamps (8 x 32 mm
fold back clamps). The air flow enters via a tap (Interflon teflon tap) and a
coned glass joint (B19/26) at the top of the flanged lid and exits via a similar
tap at the bottom of the test chamber. These taps are used to bypass the air
stream around the test chamber when samples are being placed in it. The test
samples are located on a glass grid near the bottom of the test chamber. Thus
the air stream must impinge on the sample surface as it travels through the
test chamber. The flanged lid has inlets for a temperature sensor (via a
B19/26 coned glass joint), see Section E2.3/3, and a pressure gauge (via a
B34/35 coned glass joint). The pressure gauge (Dobbie Instruments 0-40 kPa)

measures the pressure in the test chamber, which is normally 20 kPa above
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atmospheric pressure. This pressure build-up is caused by the flow rate
(2 L.min‘l in each test chamber) and the resistance to air flow due to taps,
tubing, flowmeters, etc. Three lead out wires allow ACM samples to be
connected to the PGB electrical control box and thence to a potentiostat.
These wires enter the side of the test chamber near the bottom via a plastic
screw on thread and a plastic seal plus sealant (Silastic RTV 732 silicone

rubber).

7. Gas dilution chambers

Immediately prior to test chambers 2 and 3, see Figure E2/l, are two gas
dilution chambers, which allow pollutant gas to be bled into the humidified air
stream via a glass coned joint (B40/38), see Figure E2/5. Humidified air enters
the gas dilution chamber at the top via a second inlet and the flow of air
(2 L.min_l) mixes with the much lower volume of pollutant gas
(9-20 mL.min_l) prior to exit near the bottom of the gas dilution chamber, and

thence into the test chamber.

8. Inlet/outlet tubing

All inlet tubing from the cylinder of pollutant gas to both flowmeters and gas
dilution chambers, plus all outlet tubing from the PGB was stainless steel (type
316, 6 mm OD, | mm wall), connected together with stainless steel unions. All

tubing internal to the PGB housing was glass.

The outlet tubing was wired with a heating coil and controlled by a
thermoregulator operating at 40°C. This was necessary to prevent

condensation in the tubing. Inlet tubing between preheater and PGB housing
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was polyvinyl chloride tubing lagged with a thermal insulating tape.

9. Pollutant gas

The pollutant gas was provided from a cylinder of sulphur dioxide in nitrogen
(CIG Spectra-seal 100 +2 ppm 802 in NZ' calibrated by CIG).

The concentration of SO2 in test chambers 2 and 3 was controlled by two
flowmeters (Gilmont No. 10 0.2-90 mL.min_l). For example, a concentration

of 0.1 ppm SO,, in the test chamber could be achieved by setting a flow rate of

2
2 mL.min_l of the pollutant gas for an air flow rate of 2 L.min_l. Tests
covered the range 0-1.0 ppm SOZ'

10. Calibration procedures

10.1 Flowmeters

The flowmeters, refer Figure E2/1, were calibrated using a bubble flowmeter
(HP model number 0101-0113) as the time taken for a bubble tc travel
between 0 and 1 mL calibration points; by displacement of water in an
inverted gas bottle; and by an LPG flowmeter (Aichi Tokei Model ED22). All
methods gave calibration results which were within the limit of setting of the
particular flowmeter, typically 2% low. No attempt was made to correct the

readings obtained directly from the flowmeters.

10.2 Temperature sensors

The temperatures of the humidity control stage, preheater and test chambers

are all measured using LM334 current generator integrated circuit
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temperature sensors which produce an output current which increases linearly
with temperature. These sensors are connected to a digital thermometer
(Electronics Australia kit). The sensors were all calibrated together at 35°C
to within 0.10°C in a thermoregulated fish tank, by comparing with a glass

thermometer (Emil gold line).

E2.4 Atmospheric Corrosion Monitor, ACM, Construction

l. Description

The Atmospheric Corrosion Monitors, ACM, were manufactured of metal
plates standing on end, each plate separated from its neighbour by a thin mylar
insulator. The plates were set in epoxy resin and the surface machined down
to a smooth finish onto which a thin water film was placed. Two types of

ACMs were made - a 2-electrode type and a 3-electrode type.

The 2-electrode type consisted of alternative plates of two dissimilar metals,
such as zinc and steel. This type was used to measure the corrosion resistance
of the more anodic metal (in this case zinc), and also to give a measure of its
ability to sacrificially protect the more cathodic metal (in this case steel)
plates. Galvanic current was measured between the dissimilar metal plates,

by connection to a potentiostat wired as a zero resistance ammeter.

The 3-electrode type was made of only one type of metal in a similar manner
to the 2-electrode type. Each third plate was connected together, see Section
E2.4/2, so that there were essentially three electrodes - working, reference
and auxiliary which were connected to a potentiostat. This type was used to

measure electrochemical parameters such as impedance, corrosion current,
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and Tafel slopes. This was useful in determining the way in which corrosion
resistance changes with time of wetness or pollutant level, and was especially

useful for samples with low corrosion rates which could not easily be measured
by mass loss techniques. Sections T2/2 and T5 gives details on the theory of

ACMs,

2. Construction method

The following method of ACM construction is an improved method based on

other authors' designs, see Section T5/2.

Details of the materials used and initial plate dimensions are given in Section
E2.2/1. Final plate sizes are shown in Figure E2/6a (working and auxiliary
plates for both 2- and 3-electrode type ACMs) and in Figure E2/6b (reference
plates for 3-electrode type ACMs). The order of assembling the metal plates
for a 2-electrode type ACM was different to that of a 3-electrode type. In a
2-electrode type ACM, alternate pairs of dissimilar metals were used,

repeated a number of times. Thus the order of assembly was:

where W represents the working electrode (eg zinc) and A represents the
auxiliary elecgrode (eg steel). Either end was terminated in a working
electrode plate to ensure that each auxiliary electrode plate was properly
sacrificially protected on either side. Figure E2/6c is a schematic of the
method of assembly of Z—électrode type ACM plates. In a 3-electrode type
ACM, all plates were of the same material, but each third plate was connected

together. The order of assembly was:
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Figure E2/6. Design of atmospheric corrosion monitors, ACM. a) working,
auxiliary plate dimensions for 2- and 3-electrode ACMs; b) reference plate
dimensions for 3-electrode ACMs; c),d) schematic of method of assembly of

2-electrode, 3-electrode ACMSs, respectively;

e),f) method of connection of

lead out wires for 2- and 3-electrode ACMs, respectively. W,R,A working,
reference, auxiliary electrode; Ig galvanic current.
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where W, A have the meaning given above and R represents a reference
electrode plate. Figure E2/6d is a schematic of the method of assembly of

3-electrode type ACM plates.

All plates were ground to #600 grade finish with silicon carbide paper to make
them sufficiently flat, and burrs were abraded off the edges. Pairs of plates,
each separated by a thin mylar insulator (23 wm, corona discharge treated one
side), were glued together using epoxy (Ciba Geigy LCI191 Araldite epoxy
resin; HY951 hardener in the ratio of 8:1), which were pressed together and
held with weights whilst drying. After setting, pairs of plates were glued to
plate pairs in the same manner to make a 4-plate combination. Then 4-plate
combinations were glued to 4-plate combinations to make 8-plate
combinations, and so on. This method ensured that a thin, uniform layer of
epoxy was sandwiched either side of each plate and mylar insulator section
which prevented leakage of water down between adjacent plates during
experiments. The entire ACM was held together with epoxy and thus
circumvented the need for bolts to clamp the plates together. Experience
showed that the latter method frequently resulted in unwanted short-circuits
between plates during experiments and that extreme care was necessary in

deburring all the holes drilled in each plate.

The final combination of plates had lead-out wires soldered to the plate ends,
as shown in Figure E2/6e,f, which also connected all plates of each type
together, eg all working elec.trode plates. The plate assembly was then
encased in the same epoxy and abraded flat to a #600 grade finish to reveal a

smooth surface consisting of metal plate ends with mylar and epoxy
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sandwiched in between.

3. Table of ACM details

Table E2/]1 shows the various types of 2-electrode and 3-electrode ACMs that
were made, along with plate dimensions and exposed areas. Although ACM
plate areas were different for different ACMs, a constant area was exposed
for a 0.5 mm wafer film from PGB runs 238 onwards, by masking off the
remaining area of each ACM with wax Chinagraph pencil, see column 17. The
working electrode (cast Zn-55%Al alloy) of ACMI was much thicker than the
auxiliary electrode (Fe) as a result of the casting method. Other ACMs had
reasonably equal plate thicknesses for working, auxiliary and reference plates

(the latter for 3-electrode type only).

E2.5 Pollution Gas Box, PGB, Weighed Mass |L_oss Tests

The materials used for samples, their analysis, dimensions and exposed areas
are described in Section E2.2/2. Samples of steel, zinc, cast Zn-55%Al alloy,
rolled Zn-55%Al alloy, passivated/unpassivated ZINCALUME,
passivated/unpassivated galvanized and aluminium were weighed then edges,
reverse face stopped off with lacquer (Peel-off). They were then placed in
test éhambérs 1-3 in the PGB, described in Section E2.3/6, which was
controlled at 35 +0.05°C. Due to the flqw through of air, the test chamber
temperatures were 34.2 +0.1°C. The samples were carefully positioned on the
glass grid platform using a small level gauge. Distilled water containing
wetting agent (1 drop Teric/200 mL) was pipetted onto the samples through
the coned glass joint in the test chamber cell tops. The volume of water was

calculated to produce a 0.5 mm thick film on the exposed sample surface.
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This water was allowed to evaporate to dryness in the air stream flowing
through the test chambers. Pollutant gas (SOZ) was metered into test
chambers 2 and 3 as appropriate. The range of [502] covered was 0-1 ppm.
This cycle was repeated a total of four times, as corrosion products built up,
whereafter the samples were removed, stripped of the stop-off lacquer,
cleaned and reweighed to obtain a mass loss. The cleaning procedure removed
corrosion products and was different depending on the sample type. Steel was
cleaned by a 2 minute immersion in Rhodine inhibited (1 g/L) hydrochloric acid
(2.5N), followed by a hot wash in alcohol, a hot dry using a hair dryer, and a
scrub with a toothbrush. The sample was then given a further 30 s pickle, hot
wash, hot dry and was weighed. The aluminium, cast/rolled Zn-55%Al alloy
and ZINCALUME samples were cleaned in 10% CrO3/5% H3P04 solut'ion at
75°C for 10 min followed by hot wash, hot dry and weigh. Zinc and galvanized
samples were cleaned by a 10 min immersion in 10% CrO3 solution followed by

hot wash, hot dry and weigh.

E2.6 Electrochemical Tests - ACM Type

l. Method

The method of carrying out electrochemical tests on various ACMs in the
pollution gas box, PGB, is generally the same as described in Section E2.5,
using standard conditions, see Section R1.1. A PGB experiment consisted of
four cycles of ;applying 0.5 mm thick distilled water films (unless otherwise
stated), to the ACM surface and evaporating to dryness at 70% relative
humidity. Two cycles were performed per day, each lasting between two and
four hours. Corrosion products built up from cycle to cycle. The [SDz] in the

air stream flowing through the PGB test chambers was varied over the range
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0-1 ppm. Galvanic current, impedance and corrosion current tests were

carried out as appropriate. Details are given in Sections £2.6/2,4,5.

2. Galvanic current tests

Galvanic current/time tests were carried out, using the method indicated in
Section E2.6/1, on the following 2-electrode type ACMs, refer Table E2/1
Section E2.4/3 - ACMI (cast Zn-55%Al/Fe), ACM9 (rolled Zn-55%Al/Fe) and
ACM2 (Zn/Fe). Two series of tests investigated the anode mass loss of these
ACMs and its sacrificial protection ability to the cathodic steel plates. The
first of these used 0.5 mm thick distilled water films containing surfactant and
[SOZ] in the PGB test chamber air stream was varied over the range 0-1 ppm.
In the second test series, 0.5 mm thick water films containing various levels of
sodium chloride (distilled water, 10%,10%,10%,10° mq.L™! [C17] plus surfactant
in the first PGB cycle) were applied to the surface of ACM9 (rolled
Zn-55%Al/Fe) with zero [SOZ] in the air stream. Distilled water was applied
in cycles 2-4. Section El.]1 describes the electrochemical test system used to
carry out galvanic current/time tests, and the storage/retrieval of data on
hard disc along with sample information. Briefly, an operational amplifier
box, wired as a zero resistance ammeter, was used to collect galvanic
current/time data which was sent to the computer via an analogue-to-digital
card. Acquisition of data was controlled by a galvanic current subroutine in

program CONTROL, which made periodic calls to subprogram ADC, see

Sections Al/2.1,3.1.

3. Sacrificial protection ability of ZINCALUME coating versus [SOZ]

Discs (65 mm diameter) of unpassivated ZINCALUME coated steel, refer
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Section E2.2/1.5, had two | mm circular grooves cut through the coating with
a lathe so as to just reveal the steel substrate. The inner, outer circular
grooves had diameters of 18, 27 mm, respectively, and the total area of steel
exposed was 142 mmz. A circular wax pencil line was drawn around the outer

groove at a diameter of 42.2 mm, so as to expose a total area of 1440 mmz.

A
distilled water film (0.7 mL) was applied to the sample in the PGB test
chamber, so that a 0.5 mm thick water film was produced. The water film was
then evaporated to dryness at 34.2°C and 70% relative humidity over 4 cycles
in the same manner as the ACM tests, see Section £2.6/1. The range »f [SOZJ

was 0-1 ppm. At the end of the 4-cycle test, the per cent red rust in the two

grooves was measured.

4, Impedance tests

Impedance tests were carried out 3-5 times (runs) for each of 4 cycles in the
PGB, using the method indicated in Section E2.6/1. The following 3-electrode
type ACMs, refer Table E2/1, Section E2.4/3, were used - ACM3 (Zn), ACM4
(rolled Zn-55%Al alloy), ACM8 (Fe). The lead out wire from the reference
plates was left unconnected, whilst the lead out wires from the working and

auxiliary plates were connected to the working and auxiliary inputs of the
potentiostat operating in galvanostatic mode. The wide frequency range
impedance method, Section £1.2/2.2, was used. The resistive, a, and reactive,
b, components of impedance, Z, where Z = a+jb, were collected over the range
65 kHz to 1 Hz for each run of the 4 PGB cycles. This data was stored on hard
disc along with sample numbers, series/group titles and sample information
and could be recalled for later analysis, see Section EL.1/3. Briefly,
impedance data was collected by the Solartron Model 1250 Frequency

Response Analyzer and Solartron Model 1286 Electrochemical Interface (in
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galvanostatic mode). These instruments were controlled by the computer's
subprogram FRA_EXPT, see Section Al/4.1. The amplitude of the sinewave
currents applied to the cell generally ranged from 0.9 uA up to 900 uA rms,
equivalent to a sinewave voltage of 9 mV rms across a control resistor ranging
in decade steps from llJ4 to lD1 ohm. The size of the control resistor was

determined by the impedance of the cell to be measured, a low cell impedance

requiring a low control resistance (or a higher sinewave current).

S. Corrosion current tests

Corrosion current tests were carried out 3-5 times (runs) for each of 4 cycles
in the PGB, using the method indicated in Section E2.6/1. The following
3-electrode type ACMs, refer Table E2/1, Section E2.4/3, were used - ACM3
(Zn), ACM4 (rolled Zn-55%Al), ACM8 (Fe). Lead out wires from the working,
reference and auxiliary plates of the ACM were connected to working,
reference and auxiliary inputs of the potentiostat operating in galvanostatic
mode. An experimental run consisted of applying a number of current steps to
the ACM during the evaporation cycle with the aid of the Solartron Model
1286 Electrochemical Interface, Section EI.1/l1, and the computer's
subprogram RP_EXPT, Section Al/5.1. The technique is described in Section
E1.2/4. The voltage response between the working and reference plates of the
ACM was measured as a function of time before and during application of the
current step. Generally, the voltage response reading time was 6 s after
application of the current step, although this time depended on achieving an
approximate steady-state situation. For example, ACM8‘ (Fe) showed very
slow attainment of a steady state voltage response for early PGB cycles at low
or zero [502] as a result of a low corrosion rate. In these cases, the voltage

response reading time was extended to 10 or even 30 s as appropriate to the
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attainment of an approximate steady state situation. Corrosion current,
anodic and cathodic Tafel slopes were all calculated automatically from the
current/voltage data by subprogram RP_EXPT and a current/voltage plot
produced. The current steps were applied so as to produce a significant degree
of curvature in the I/¢ polarization curve. The degree of curvature is related
to the Tafel slope values, as discussed in Section T3/6. Thus the voltage range
varied from run to run to take changing Tafel slope values into account. For
example, the voltage range may have been +15 mV for one run but +300 mV for
another. The current steps applied varied over a wide range, depending on

conditions. This could be as low as +! uA or up to +70 mA.

SECTION E3 - EXPERIMENTAL - PAINTED METALS

E3.] Painted Metal/Solution Eqguilibria in Chloride Solutions

l. Attached films (paint films attached to a substrate metal)

A large panel of ZINCALUME coated steel, primed with Dulux EX90038-D
epoxy primer and painted with Bronze Olive Dulux silicone modified polyester,
SMP, top coat was obtained from No. ! Paint Line, Port Kembla. The primer
and top coat thickness was measured, see Section E3.2/3, as 4 um and 18 um

respectively.

Three small flag shaped test samples, see Section E3.2/2.1 for details, were
cut from this panel, a lacquered copper lead out wire was soldered to the stem
of each sample, and the edges, rear face. and soldered joint were all masked
off with a wax mixture (50% paraffin, 50% Tervan 2530) so as to eprse 6 cm2

of the sample surface. Sample code numbers 405/85 to 407/85 were allocated.
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These test samples were immersed in 150 mL of 5% NaCl solution at 50°C in a
2-electrode 50°C type cell, see Figure El/4a, Section E1.2/1, which was
immersed in a thermostat oil bath. The test samples 'lived' in 5% NaCl 'test’
solution (30 500 mg.L—l [Cl1 ]) over at least 4l days, but were periodically
transferred to 'measurement’ solutions of various chloride ion concentrations
and an impedance test carried out. The chloride ion concentration range was

10%,101,10%,10°,10% and 3.05 x 10% (5% NaCl) mq.L”!

, all as NaCl solutions.
The order in which the samples were transferred was not always the same.
The wide frequency range test, see Section E1.2/2.2, was carried in each of

the measurement solutions and in the 5% NaCl test solution in which the

samples 'lived'.

2. Free films (paint films only)

Free films were prepared according to the method given in Section E3.2/2.2.
Table E3/] shows the type of paint films, either single or dual top coats, with
or without a primer, that were produced as free films in this manner. Paint

film thickness was determined by the method in Section E3.2/3 for free films.

Table E3/] Free Film Characteristics

_ _ Primer2 Top Coat3
Syt;teml Film thickness (wm) Film thickness (um)
: nominal actual nominal actual
SMP/P/SMP 5 5 20/20 29/22
SMP 20 27
SMP/SMP 10/10 27 (total).

l. P, SMP primer, silicone modified polyester top coat in different
combinations

2. primer is Dulux Dualprime Mk 1l laboratory applied using a #0015
spreader bar, stoved at 280°C and cured for 65 s

3. top coat is Armorsil 500 SMP (Bronze Olive), laboratory applied with a
#0032 spreader bar, stoved at 280°C and cured for 65 s.
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A free film sample was mounted between two perspex holders with a circular
hole cut out of the middle so as to expose an area of 10.75 sz. The perspex
holders were then clamped between two arms of a glass U-cell so as to make a
leakproof cell. Large platinum grid electrodes (25 cmz. 20 holes/cm) were
inserted into both arms of the U-cell to measure the cell impedance. The
U-cell was filled with 10 000 mg.L—l [C]'] (NaCl) solution at room
temperature. The wide frequency range impedance test was carried out after
approximately | hour immersion. The solution was then emptied, the U-cell
carefully rinsed with distilled water with the free film still clamped in place,
and filled with 1000 mg.L—l [Cl ] (NaCl) solution, and also repeated for 100
mg.L—l [Cl_] (NaCl). The above procedure was then repeated for all the free

film samples listed in Table 3/1.

E3.2 Effect of Paint Film Flatting Agents on Solution Uptake

l. Paint formulations with differing flatting agent levels
A series of three special paint forfmulations containing different levels of
flatting agent particles was supplied by Dulux Australia. They were classified

as follows:

Table E3/2 Paint Formulations Containing Differing Flatting Agent Levels

Code Name Colour Type Gloss Level (%)
377/R/980 Armorsil 500 Bronze Olive SMP 85
377/R/981 Armorsil 500 - Bronze Olive SMP 50

3_77/R/?82 Armorsil 500 Bronze Olive SMP 25
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The formulations were prepared from a common base (Code 377/R/980) having
no flatting agent particles. For identification purposes, these were known as
85, 50 and 25% qgloss level, where the maximum gloss level contains no added
flatting agent and the minimum gloss level contains maximum flatting agent,

equivalent to normal production line levels.

2. Preparation of test samples

2.1 Attached films (paint films attached to a substrate metal)

Panels approximately 150 x 300 mm, of production line Dulux EX300-D epoxy
primed ZINCALL.IME® coated steel, pretreated with Parker Bonderite B1310
chromate based pretreatment, were laboratory painted with the above three
top coat paint formulations. A #0032 spreader bar, known to give a paint film
thickness of approximately 20 um, was used to apply the liquid paint to these.
panels, which were then cured for 75 seconds to reach a peak metal

temperature, PMT, of 232°C, see Table E3/3.

Table E3/3 Gloss Series Attached Film Types
on a ZINCALUME Coated Steel Substrate

Primer1 Top Coatz
System Film Code Film

thick thick

(wm) (wm)
85% gloss 2 377/R/980 29
50% gloss 2 377/R/981 27
25% gloss 2 377/R/982 23
85% gloss 4 377/R/980 25
50% gloss 4 377/R/981 25
25% qgloss 5 377/R/982 24
Notes

1. primer is Dulux Armorprime 440 HCR4 produced on-line at 241°C
2. top coats are experimental Dulux formulations (Bronze Olive), laboratory
applied using #0032 spreader bar and staved at 232°C and cured for 75 s.
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From each painted panel, five small test samples, 26 x 56 mm, were cut. The
perimeter of each panel was generally not used for test samples, but was used
for determining paint film thickness. Using a nibbling tool, a small rectangle,
20 x 20 mm, was cut out of each sample to give the sample a shape like a flag,
see Figure E3/1. A heavy lacquered copper lead out wire was soldered to the
stem of each sample. The edges, rear face and soldered joint were all masked
with Ciba-Geigy Araldite epoxy resin with polyamine adduct hardener, kit

K273, so as to leave an exposed front face of 20 x 30 mm.

2.2 Free films (paint films only)

Dow silicone non-stick coating was applied with a #0015 spreader bar, to give
approximately 10 um coating, to a ZINCALUME coated steel substrate and
stoved for 180 seconds at 280°C. This produced a surface upon which primers
and/or top coats could be applied, but could readily be peeled off to produce
free films, that is, paint films not attached to a substrate. Table E3/4 shows
the type of paint films and their characteristics that were produced as free
films in this manner.

Table E3/4 Free Film Types, Stoving Conditions, Film Thickness

Top Coat
System Maker Code Colour  Spreader Film Cure Cure
bar thick time temp
(um)  (s) °C)
TC/TC Dulux  377/R/980 Bronze #0015 27 75 232
85% gloss Armorsil Olive
500
TC/TC Dulux  377/R/981 Bronze #0015 27 75 232
50% gloss _Armorsil Olive
500 SMP
TC/TC Dulux  377/R/982 Bronze #0015 27 75 232
25% gloss Armorsil Olive

500 SMP
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Fiqure E3/1. Flag type working electrode used for painted metal studies.
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3. Paint film thickness measurements

Attached film thickness was measured by assembling a small sample of each
panel in a metallurgical mount and determining the primer and top coat
thickness under the microscope with a graticule eye piece. This method
resulted in some uncertainty in the primer thickness estimation because the
primer/top coat interface was not always clearly defined. An alternative
check was to measure panel thickness at the top of each panel in three places
- before the primer started, before the top coat started and after the top coat
had started. The difference between the first two gave the primer thickness
while the third minus the first two measurements gave the top coat thickness.
Free film thickness was measured directly on the test sample by micrometer.
The thickness of primer/top coat combination samples was measured by
peeling off from the non-stick coating small areas of primer (or top coat) at
the top of each panel before the top coat (or primer) film had started. The
difference between this measurement and the total thickness of the
combination sample gave the individual primer or top coat thickness. Paint
thickness measurements for both attached and free film samples are shown in

Tables E3/3,4. The level of confidence was generally +1 um.

4, Test conditions

4.1 Solutions

Three solutions were chosen - 100, 1000, 30 500 (5% WNaCl) mg.L_l [Cl]
(NaCl). The solution conductivity was measured as a check on the chloride ion
concentration. Tests were carried out at 50°C by placing samples in
2-electrode 50°C type cells, see Figure El/4a, Section E1.2/1.1 containing 150

mL of the respective solution which were contained in a thermostat oil bath.
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4.2 Attached films - impedance samples

Generally, five small flag type samples, Section E3.2/2.1 and Table E3/3, were
tested for each parameter investigated, making a total of 42 samples. Of
these samples, 10 were used for only the wide frequency range impedance test,
27 samples were used for only the 1 kHz frequency test and the remaining 5
samples were used for both the wide frequency range test and the single
frequency test. Table E3/5 gives details of these samples. Tests were carried
out frequently at low immersion times, but at longer intervals as immersion
time proceeded so as to produce approximately equally spaced data points on a
logarithmic time axis. Tests were continued until the failure criterion was

met, see Section T1/5.4.

Table E3/5 Details of Gloss Series Attached Film Impedance Samples

1
Solution gloss Sample number
mg/L [Cl ] level
(NaCl)) (%)
30,500 25 l 2% 3 b5 Jakal Vi Takel
(5% NaCl) 50 4% 5 35%¥  ZLN*
85 6% 7 8 9 10 3xx 3R
1000 25 11 12 13 14 15 16 17 39%*
50 18 19 20 4LO%*
85 21 22 4] %%
100 25 23% 24 25 26 27
50 28 29 30 3% 32
85 42%*
Notes:

1. sample codes marked with one asterisk (*) were samples that had both wide
frequency range tests and single frequency tests; two asterisks (**) were
samples that had only the wide frequency range test.

The parameters investigated were the effect of paint film gloss level (25, 50,

85%) to determine the influence of flatting agent and the effect of solution
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chloride ion concentration (100, 1000, 30 500 (5% NaCl) mg/L_1 [C1 ] as NaCl)
as per Section E3.2/4.1.

4.3 Attached films ~ gravimetric samples

The parameters investigated were the effect of paint film gloss level (25, S50,
85%), to determine the influence of flatting agent, refer Table E3/3, Section
E3.2/2.1 and the effect of solution chloride ion concentration (100, 1000,
30 500 (5% NaCl) mg/L_l [C1"] as NaCl). Three small rectangular samples,
each 50 x 25 mm, were tested for each parameter evaluated, making a total of
27 samples. A number of tests were repeated. The primer and top coat
thickness of each sample was determined after testing by sectioning and
metallographic examination. The primer thickness was 5 um and the top coat
thickness was 21-23 um for all the samples. A wax mixture (50% paraffin,
50% Tervan 2530) was applied to sample edges and reverse face, exposing
approximately 8.2 cm2 of the sample surface. Samples were exposed to the
three chloride ion solutions, refer Section E3.2/4.1, for up to 10 days. Samples
were weighed before/after immersion and also after one day in a desiccator.
After immersion and before reweighing, samples were pressed lightly between
blotting paper, so as to dry off excess water but not to desorb water in the
paint film. Solutions were analyzed for Zn, Al ion concentration by atomic
absorption spectroscopy after the immersion period. A blank sample,
completely covered in wax, was immersed for three days to check on the

degree of water absorption by the wax.

4.4  Free films - impedance samples

A free film sample of Dulux Armorsil 500 SMP 25% gloss, see Section £3.2/2.2
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and Table E3/4, was mounted in the U-cell described in Section E3.1/2. The
U-cell was filled with 30 500 mg.L‘l [Cl ] (5% NaCl) solution and the whole

cell placed in a thermostatted oil bath at 50°C. Both the | kHz frequency
test, Section E1.2/2.1, and the wide frequency range impedance test, Section
E1.2/2.2, were carried out as a function of time so as to produce
approximately equally spaced data points on a logarithmic time axis. This
experimental procedure was repeated using identical free film samples in 100
and 1000 mg.L—l [Cl ] (NaCl) solution until severe degradation of the film

occurred.

4.5 Free films - gravimetric samples

Free film samples of Dulux Armorsil 500 SMP 25% gloss, see Section £3.2/2.2
and Table E3/4, having an area of B.3 Cm2, were held between plastic drinking
straws split up the middle to hold a sample. These samples were immersed in
150 mL of 30 500 mg.L’_l [Cl ] (5% NaCl) solution contained in large test
tubes which were held at 50°C in a thermostatted oil bath. The period of
immersion was 1, 2, 10, 38 days. This procedure was repeated on identical
samples in 100, 1000 mg.L_l [C17] (NaCl) solution. The free film samples were
weighed before/after immersion and after one day in a desiccator. The sample
drying procedure was identical to that used in Section E3.2/4.3. A further
series of 12 samples was repeated at 0.3, 1, 2 and 3 d in each solution to

support evidence obtained in the first series.
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Preliminary testing with Atmospheric Corrosion Monitors, ACM, was carried
out to determine whether galvanic current, corrosion current, and impedance
tests could satisfactorily be performed using thin (0.5 mm) water films on
ACM surfaces. Preliminary tests were also carried out using the galvanic
current test to determine suitable standard conditions for ACM tests. The
effects of reproducibility, water film thickness, area of surface wet, relative
humidity and the effect of corrosion product build-up were investigated.
These results are not reported here but they are in agreement with similar

36,112,114,116-120,122,125

studies published since this work was started. The

standard conditions chosen were as follows.

Standard conditions

number of cycles : 4 per test
water film : distilled water + Terric (1 drop/200 mL)
preheated to PGB temperature

water film thickness (mm) : 0.5%

water film volume (mL) . 0.7*

[SOZ] (ppm) : variable

relative humidity (%) : 70

ACM surface : cycle | - abraded, clean surface

cycles 2-4 - allow corrosion product build-up
use level gauge to set up ACM in test chamber
test chamber temp (%) : 34.2 +0.1

* A wax pencil was drawn as a rectangle to surround ACM plates. This kept
the water film from spreading to a wider surface area over the resin
portion of the ACM. This wax pancil was removed with naphtha prior to

repolishing the ACM surface for a subsequent experiment.
Galvanic cufrents <.:an satisfactorily be measured between dissimilar metal
plates of 2-electrode type ACMs as a function of the time the ACM surface is
wet. The shape of the Ig/t plot is essentially a decrease of Ig with time
thought to be caused by corrosion product formation and eventually also a
decreasing wet surface area. The important parameters appear to be the area,

q, under the Ig/t curve, and the dry-out time, t dry” Reproducibility under
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identical test conditions on a clean surface for one cycle is reasonable. The
above standard conditions allow a build-up of corrosion products which can
absorb pollutants over four cycles of applying water films to the ACM surface,

starting from a clean, abraded surface.

Impedance and corrosion current tests could all be satisfactorily performed on

3-electrode ACMs using the above standard conditions.

R1.2 Cast, Rolled Zn-55%Al] Alloy Evaluation

l. Zn-Al phase equilibrium diagram

The Zn-Al phase diagraml‘s8 is shown in Figure R!/1l. The main phases are L
(liquid), a (Al-rich fcc phase) and B (Zn-rich hcp phase). The y and a' are
similar to a and are not always shown as separate phases in some diagrams.
Important features of the Al-Zn phase equilibrium diagram are the_eutectic
point which occurs at 390°C and 95% Zn; the eutectoid point which occurs at
275°C and 78% Zn; the large (a+L) region of the diagram and the large
variation in solid solubility of Zn in a between the eutectoid temperature and
room temperature. Liquid of the eutectic composition undergoes the eutectic
reaction L » v + B on cooling below the eutectic temperature. Likewise solid vy
of the eutectoid composition undergoes the eutectoid reaction y » a + 8 on

cooling below the eutectic composition.

2. Microstructure

Figure R1/2 compares the cast Zn-55%Al alloy microstructure, Figure R1/2a,

with that of a rolled Zn-55%Al alloy, Figure RI1/2b, and also a typical
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Figure R1/1. Zn-Al phase diagram showing the approximate composition of
the ZINCALUME coating (55%Al) showing the main phases - L liquid; a

(Al-rich fcc); B (Zn-rich hcp) and .



[42

a) cast Zn-55%Al alloy

micro no. 3249
neg no. 2138

b) rolled Zn-55%Al alloy

micro no. 3842
neg no. 2197

| c) production line ZINCALUME

micro no. 6611
neqg no. 2216

Fiqure R1/2. Typical microstructure of a) cast Zn-55%Al alloy, b) ro!led'
Zn-55%Al alloy and c) normal production line ZINCALUME cqatmg.
I. Zn-rich areas; 2. Al-rich areas; 3. dross inclusions; 4. _silicon particles;

5. volds; 6. Al-rich grains containing small Zn-rich precipitates; 7. large
Zn-rich precipitates; 8. narrow precipitate free zone. Magnification x1000.
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production line ZINCALUME coating, Figure R1/2c. All three samples were
examined unetched. Micros were photographed at typical regions using
secondary electron images on a JEOL Model JSM 840 scanning electron
microscope. Average composition of each reqion in the micros was obtained
by averaging line scans through typical regions obtained using energy

dispersive spectroscopy, and results are shown in Table R1/1.

Table R1/]1 Average Zn, Al Compositions of Zn-rich and Al-rich Regions
of Zn-55% Al Alloy Coatings

Alloy Zn-rich regionsl Al-rich r‘egions1

Zn (%) Al (%) Zn (%) Al (%)
cast 65.1 +1.05 32.4 +9.8 43.3 +4.6 56.7 +4.2
Zn-55% Al (n=9) (n=9) (n=20) (n=20)
rolled 95.8 +4.6 3.8 +4.7 41.3 +7.4 58.0 +7.2
Zn-55% Al (n=3) (n=3) (n=30) (n=30)
typical
ZINCALUME 72.8 +9.0 25.7 9.0 35.5 +3.8 62.9 +3.8
coating (ZL) (n=7) (n=7) (n=20) (n=20)

Al-rich areas: Al (%) cast < =rolled <ZL; Zn (%) cast > = rolled >ZL
Zn-rich areas: Al (%) rolled <<ZL <cast; Zn (%) rolled >> ZL >cast

Notes:

1 Zn, Al concentrations are quoted as a mean +! standard deviation

2.1 ZINCALUME coating

The ZINCALUME coating consists of 43.5% Zn, 55% Al and 1.5% Si. The
coating is formed by rapid cooling in air from the molten hot dip bath
temperature; is not in equilibrium; and is essentially a cored, dendritic
structurelég. In terms of the phase diagram, which relates to equilibrium
conditions, the first phase to freeze out from the liquid is the a-phase,
starting to separate at about 590°, and containing about 20% Zn in solid

solution, refer to the (a+L) phase in Figure R1/1. These alpha dendrites will
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continue to grow and separate as the temperature decreases with an increasing
proportion of Zn in the outer layers, since solid state diffusion is not rapid

enough to maintain the equilibrium composition of a throughout the dendrite.

As the a-phase grows, Zn-rich liquid will be rejected between the dendrites,
and the last liquid to solidify will have about the eutectic campasition of 95%
Zn. Other solid state reactions are passible as the solidified coating cools
down; B precipitation will occur from the a (or y) phase during cooling at a
temperature dependent upon the local a composition. At low Zn
concentrations (in the middle of « dendrites), B precipitation cannot occur
until the temperature is below about 250-275°C, and even then it is precluded
for kinetic reasons. Above about 30% Zn, eutectoid decomposition of y can
occur, giving a mixture of a and B. In the interdendritic regions, eutectic
decomposition, forming a and B phases, can again be followed by the eutectoid
decomposition reaction. The final coating will therefore contain 8
precipitates of varying distribution, size and morphology. About 80% of the
coating consists of a dendrites with optically visible B precipitates, and 20%

consists of Zn-rich interdendritic regions which are a mixture of a and 3.

The ZINCALUME coating microstructure, Figure R1/2c, consists of Zn-rich,
labelled 1, and Al-rich, labelled 2, regions. The regions have higher Zn levels
in the Zn-rich regions, and higher Al levels in the Al-rich regions than the cast
alloy, as shown in Table R1/1, Section R1.2/2. The dendrite arm spacing
(estimated from the distance between adjacent Al-rich regions) is also similar
for the two samples, suggesting similar cooling rates. Also present in the
coating are quaternary (Fe-Zn-Al-Si) dross inclusions, labelled 3, Si particles,

labelled 4, and voids, labelled 5.
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2.2 Cast Zn-55%Al alloy

As-cast Zn-55%Al alloy gives a similar microstructure to the ZINCALUME
coating, compare Figures R1/2a,c. The same sequence of cored dendritic
formation and solid state B precipitation occurs”o. The only difference is
that the cooling rate is not identical to that of the coating. However, the

similar dendrite arm spacing indicates that the cooling rate was not too

different.

The as-cast microstructure, Figure R1/2a, consists of Zn-rich regions, labelled
I, having Zn precipitates of various sizes, and Al-rich dendrites, labelled 2,
having no visible preéipitates of Zn. The cast material also contains Fe (0.1 %)

and Si (0.4) - Si needles are labelled 4.

2.3 Rolled Zn-55%Al alloy

The rolled Zn-55%Al alloy produced ACM plates of approximately the same
thickness as the steel plates, refer Table E2/1, Section E2.4/3. This was
important for mass loss calculations in Section T2/4 but was achieved at the
expense of producing a microstructure which was further removed from the
ZINCALUME coating microstructure than the cast material. Figure R1/2b in
Section R1.2/2 shows the microstructure resulting from the thermomechanical
treatment described in Section E2.2/1.4. The heat treatment at 400°C
completely removed the dendritic microstructure. At temperature, the rolled
strip would have consisted of an as-recrystallized grain structure of single
phasé a of uniform composition. On cooling below 340°C, y precipitates would
be formed at the grain boundaries, and below 275°C, these would be replaced

by B precipitates. The hold at 260°C resulted in a coarsening of these grain
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boundary precipitates. Furnace cooling to room temperature resulted in a
large decrease in the solubility of Zn in a and, consequently, a further
precipitation of 3 onto the existing grain boundary B plus smaller precipitates
throughout the grain interior. There is also a precipitate free zone, PFZ,
surrounding the grain boundaries resulting from diffusion of Zn in these regions
to the existing grain boundary precipitate rather than nucleation of new
precipitates. As in the case of the ZINCALUME coating, the microstructure
consists of 'three regions - the large B particles, the regions of fine B
precipitation and the Al-rich regions (PFZ and interior of dendrites). The
distribution of these regions is obviously different but electrochemically the
overall corrosion behaviour would be expected to be similar. This is discussed

at length in Section R1.2/3.

The rolled coating microstructure in Figure RI1/2b consists of a-phase
(Al-rich) grains containing small B-phase (Zn-rich) precipitates, labelled 6,
large Zn-rich precipitates at the grain boundaries, labelled 7, and a narrow
precipitate free zone around the grain perimeter, labelled 8. As seen in Table
R1/1, the large Zn-rich precipitates are high in Zn, and the small Zn-rich

precipitates are likely to have a similar composition.

The average composition of the Al-rich grain interior is slightly lower in Zn
but higher in Al than the cast alloy. Quaternary (Fe-Zn-Al-Si) dross, labelled
3, and Si particles, labelled 4, are broken up and aligned in the rolling
direction. Some smaller Si particles are also present at the grain boundaries.
The grain size is approximately the same as the dendrite arm spacing in both

the cast alloy and the ZINCAILLUME coating microstructures.

Table R1/1 indicates that both cast and rolled alloys have more Zn in Al-rich
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regions than the ZINCALUME coating sample. In the Zn-rich regions, the
rolled alloy sample has significantly more Zn than the ZINCALUME sample
which has more Zn than the cast alloy. These differences are likely to affect

the corrosion behaviour, which is discussed in Section R1.2/3.

3. Corrosion testing

The aim of this section is to compare the corrosion performance of the cast
and rolled Zn-55%Al alloys, Sections E2.2/1.3,1.4, with that of a typical
ZINCALUME coated steel sample under corrosive conditions that produce well
known behaviour of the latter. The cast and rolled Zn-55% Al alloys were
necessary because it was not possible to use ZINCALUME coated steel samples
in the construction of Atmospheric Corrosion Monitors, ACMs, see Section
E2.4, due to the exposed steel edge. The rolled alloy was made as well as the
cast alloy because the cast alloy plates were rather thick (average 2.36 mm),

for use in ACMs, and rolling was capable of producing thinner alloy plates.

Figure R1/3 shows that all three working electrodes (cast, rolled Zn-55% Al
alloy and a sample taken to be typical of ZINCALUME coated steel) give a
marked rise in corrosion potential, Ek (over 150 mV) in the first few days of
immersion in phthalate-buffered 0.1 M NaCl solution, pH 5.3, refer Section
E2.2/1.4. The initial Ek valués are close to that expected for zinc (around
-1100 mV/SCE), whilst the final plateau values -are thought to be
characteristic of oxide covered Al-rich areas. Initially, corrosion of a
ZINCALUME coating in this environment is by preferential dissolution of
Zn-rich areas. The Al-rich areas are thought to be covered by a protective
oxide film in this solution, and so the Zn-rich phase will be anodic to the
Al-rich phase and preferentially corrode. The steep rise in Ek corresponds to
a cessation of corrosion at these regions and the initiation of corrosion of Al

164

and Zn from Al-rich areas The fact that the cast and rolled alloys
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ZINCALUME, cast and rolled Zn-55%Al alloys.
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show marked initial rises in E_ similar to the ZINCALUME coating sample

k
suggests that initial corrosion of cast and rolled alloy is also by preferential
dissolution of Zn-rich regions.

However, the steep rise in E, occurs at different rates for the three samples.

k
This behaviour is thought to be due to the amount of available Zn in the
Zn-rich regions of each sample. The ZINCALUME coating sample has an Ek
value that remains low for the longest time (about | day), thought to indicate
that this sample has the most Zn in Zn-rich regions available for corrosion.
After about | day, Ek values rise at the fastest rate. The cast and rolled alloy

samples have Ek values that rise at slower rates, but the rise starts soon after
immersion, suggesting that there is less Zn available from Zn-rich areas for
these samples. The steep rise in Ek at around 2 d for the rolled alloy sample is
slower than thatb for the cast alloy which more closely resembles the behaviour
of the ZINCALUME coating sample. This suggests that the rolled alloy sample

does not run out of available Zn from Zn-rich areas as quickly as the other two

samples.

The final plateau values of Ek are different for each of the samples, which is
thought due to small differences in the Al/Zn ratioc of the Al-rich areas. As
discussed in Section R1.2/2.1, the Al-rich regions of the ZINCALUME coating
sample are higher in Al than those in either the cast or rolled alloy samples.
The potentia'l of the Al-rich regions would therefore be expected to be higher,
and this is indeed the case for the final plateau Ek values in Figure R1/3. The
ZINCALUME coating sample is therefore expected to be less
electrochemically active than the other samples at times corresponding to
corrosion from Al-rich regions. The final plateau Ek values are lowest for the

rolled alloy sample, but are close to those for the cast alloy sample. Using the

same reasoning as above, it would be expected that the rolled alloy sample
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would have a lower Al in Al-rich regions than the cast alloy sample. However,
Table R1/1 Section R1.2/2 shows that this is not the case. This discrepancy
may possibly be explained by the distribution of Zn-rich precipitates in the
Al-rich regions of the rolled sample shown in Figure R1/2b, which may cause
the Al-rich regions of the rolled alloy sample to be more electrochemically

active than that of the cast alloy sample.

Although differences exist between the cast, rolled Zn-55%Al alloy and a
ZINCALUME coating, the essential electrochemical behaviour is thought to be
similar in terms of corrosion and sacrificial protection ability. Corrosion
occurs preferentially at Zn-rich areas, and subsequently at Al-rich areas. As
Ek for steel is around -680 mV/SCE in this solution, Ek values for the Zn-rich
portions (around -1100 mV) and the Al-rich portions (<-860 mV), Figure R1/3,
suggest that all three samples will maintain sacrificial protection at all times
in this solution. The use of cast and rolled Zn-55%Al alloy in the construction

of ACMs is therefore expected to reasonably simulate the behaviour of

ZINCALUME coated steel which cannot be used.

R1.3 PGB Weighed Mass |_oss Tests

The aim of this section is to compare mass losses, obtained by weighing, of
steel; zinc; aluminium; passivated and unpassivated galvanized and
ZINCALUME; cast Zn-55%Al alloy and rolled Zn-55%Al alloy. The
unpassivated materials were necessary for a direct comparison with the cast,
rolled alloys. The passivated materials were added because these are the
normal production line products. These mass losses were obtained from

simulated atmospheric exposures over four cycles at 34.2°C in the pollution
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gas box, PGB, for the pollutant gas concentration range 0-1 ppm [SOZ]' see

Section E2.5.

Figures R1/4,5 show weighed mass loss as a function of [SOZ] for the various
metals/alloys listed above. They are presented as two separate sets because
the exposed sample area per test chamber was different. Results in Figure
R1/4 are for a total of 3000 mm2 exposed surface area, made up of either four
samples, each 750 mmz. or two samples each 750 mm2 plus one sample (cast
Zn-55%Al alloy) of 1500 mmz. Results in Figure R1/5 are for a total of 1352
mm2 exposed surface area, made up of four samples, each 338 mmz. Samples
in Figure R1/4 are not strictly comparable with those in Figure R1/5 because
it is possible to show from the statistical analysis in Appendix A4/2.1 and
Figures R1/4,5, that for steel and zinc, there is a tendency for mass loss to be
higher as exposed sample area increases. This can also be observed by
comparing curves |, 2 in Figures R1/48,49, Section R1.7/2. This effect is
likely to be caused by an increased time of wetness as exposed sample area per
test chamber increases. Lines shown in Figures R1/4,5 are regression lines,

see Appendix A4/2.1.

From Figures R1/4,5 it appears that steel has about the same mass loss as zinc
and unpassivated galvanized at zero [SOZ]’ Light white corrosion products
developed on zinc and unpassivated galvanized after 4 PGB cycles and the
steel sample was stained with red rust at some half dozen sites. Individual

sample mass losses for steel are fairly scattered at zero 502 pollutant.

As [SOZ] increases up to 1 ppm, a distinct difference emerges between steel
and zinc/unpassivated galvanized. The mass loss of steel increases markedly,

whereas those for zinc and unpassivated galvanized remain relatively constant
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(no significant trends were detected in the statistical analysis). These results
agree with those of Mansfeld and Tsai113 who carried out similar thin water
film experiments over a wide relative humidity range and found that [802]

accelerates the corrosion of steel but does not change or even inhibit the

corrosion of zinc.

The weighed mass losses for zinc in Figures R1/4,5 are compared with other
methods of calculating Zn mass loss in Figure R1/48, Section R1.7/2. It can be
seen that the lack of a significant trend in weighed mass loss (curves 1,2 are
replots of Figures R1/4,5 for Zn) is also apparent for galvanic current
calculated mass loss (curve 3) and corrosion current calculated mass loss
(curve 4). However, the evidence presented in Section T4/2 indicates that Zn
corrosion in the atmosphere is markedly increased by SO?_, which is contrary to
the above findings based on laboratory experiments. The increasing weighed
mass loss trends for Fe with [SOZ] is in agreement with literature findings in
Section T4/2. The laboratory results for Zn must therefore be questioned.
Two possibilities exist that may explain this discrepancy. Firstly, other
particulate and/or gaseous pollutants, see Section T4/1, exist in the
atmosphere which were not considered in the simple laboratory simulation. It
is possible that these may have some synergistic effect with 802 to enhance
atmospheric corrosion70 of Zn. Secondly, Section T4/1 indicates that 802 is
oxidised to sulphate in the atmosphere and the reaction is catalysed by 03,
H202 or Fe(ll). Experimental evidence70 has shown that unless the pH of rain
droplets is unusually high, excessively long lead times are necessary for the
effective oxidation of 802 in the absence of catalysts or oxidants. This
oxidation\ may be a necessary prerequisite for the subsequent corrosion of

metals. In the laboratory simulation, 802 is not oxidised in the gaseous state.

This may readily happen on an Fe surface catalysed by the presence of Fe(ll),
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but may be more difficult on a Zn surface, see Section T4/1. The fact that
rolled Zn-55% Al alloy also shows a modest increase in mass loss as [SOZ]
increases, refer Figure R1/5 and Figure R1/50 in Section R1.7/2, may be due
to the dross inclusions in the alloy which are high in Fe, and which may be

responsible for catalysing the oxidation of SO2 to sulphate.

The mass loss of steel in Figures R1/4,5 at | ppm [SOZ] is 7.5, and 10 times
higher than at zero [SOZ] respectively. Steel samples showed more red rust
initiating sites as the [SOZ] increased. This is in line with the observations of
Duncan et al86 that SC)2 adsorbs at discrete areas on an iron or steel surface,
whereas general uptake occurs all over a zinc surface, but is enhanced at areas

of bulk corrosion product growth78.

Mass loss of aluminium, passivated ZINCALUME and cast Zn-55% Al alloy
showed no significant trends with [SOZ] in the statistical analysis and have the

lowest mass losses, refer Figures R1/4,5. Aluminium is reported to take up

171, but this could not be detected visually

802 at discrete areas of the surface
because of the very low mass losses involved over the range of [SOZ]' It would
appear from these mass loss experiments that cast Zn-55%Al alloy and
passivated ZINCALUME show a similar behaviour to aluminium. As actual
mass losses were very low (Al 0.1-0.3 mg; rolled Zn-55%Al 0.2-1.2 mg; cast

Zn-55%Al 0-2.3 mg; passivated ZINCALUME 0-1.3 mgqg), it is possible that a

sizeable error (max 0.4 mg) may exist.

Unpassivated ZINCALUME shows a slightly higher mass loss, Figure R1/4,
which rises slightly with [SOZ]’ although the trends are only significant at the
95% level of confidence. By comparison with passivated ZINCALUME, it

would appear that the passivation film suppresses the adsorption of 802 and
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hence lowers the mass loss, compared with unpassivated ZINCALUME. Mass
losses of passivated galvanized, Figure R1/4, and rolled Zn-55%Al alloy,
Figure RI1/5, are low at low [802] and similar to those of passivated
ZINCALUME, cast Zn-55%Al alloy and aluminium. A§ [802] rises, mass loss
increases, and approaches towards those of zinc and unpassivated galvanized

at 1.0 ppm SO,. The passivation film on galvanized would therefore appear to

5
be somewhat effective at suppressing adsorption by SO2 at low [SOz], but is
not so effective at higher [802]. The passivation film on galvanized is thus not
as effective against the suppression of 802 type corrosion as is the passivation
film on ZINCALUME. Rolled Zn-55%Al alloy in Figure R1/5 is similar to cast

Zn-55% Al alloy at low [802], but there is an increase in mass loss at higher

(SO,

The significantly higher mass losses for steel at high [802] are of concern
because they imply that it will be more difficult to sacrificially protect a steel
substrate under these conditions. It is anticipated that it will be more
difficult for Zn-55%Al based coatings to sacrificially protect a steel substrate
than zinc and galvanized coatings, due to their generally lower mass losses.
Normally, urban concentrations of 802 are well below 0.1 ppm, but situations
arise in highly industrial areas or in localised pockets where concentrations

rise above this level, refer Section T4/1, which would increase the corrosion of

unprotected steel structures.

The relationship between mass loss of steel and [SOZ] in Figures R1/4,5 may
not be strictly linear and may curve over at higher [SOZ]. However, only a
simple, linear regression model was used in the statistical anaiysis and this
gave a highly significant correlation between mass loss and [SOZ]. A more

complex model was therefore not attempted.
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1. Aims, method of calculation

The aim of this section is to compare the mass loss and sacrificial protection
ability of the anode electrode of 2-electrode ACMs during 4-cycle PGB test
chamber tests at 34.2°C in which the 802 concentration was varied over the
range 0-1 ppm, Section E2.6/1,2. ACMs investigated were ACMI (cast
Zn-55%Al/Fe), ACM9 (rolled Zn-55%Al/Fe) and ACM2 (Zn/Fe), where the

anode electrode is the first mentioned in each pair.

The method of calculating mass loss is given in Equation (T2/8) Section T2/4,
and is essentially the area under the Ig/time curve multiplied by an
electrochemical equivalent, Eq, and divided by the cathode exposed area. The
value of Eq was taken to be that for Zn (3.387 x 10—4 coulombs.g.equiv'l) for
all 2-electrode ACMs. This will be approximately correct for the Zn-55%Al
alloy ACMs at least in the initial stages of corrosion because the zinc-rich
regions corrode preferentially to the aluminium-rich regionslé during
atmospheric exposure. These calculations will overestimate mass loss from
Zn-55%Al alloy ACMs if there is any appreciable dissolution of aluminium

- . -1
because Eq will be too high (Eq for A1 0.932 x 10 4 coulombs.g.equiv 7).

2. ACM anode mass loss versus [802 1

The shape of Ig/t plots varied considerably but the overall trend was for the
area under the curve (and hence the anode mass loss) to decrease from cycle
to cycle as corrosion products built up. This can be observed in the statistical
tables in Section A4/2.2. The general pattern was for Ig to rise slowly to a
broad maximum in the first cycle and then decline rapidly as the water film

evaporated to dryness. This was always observed for the ACM2 (Zn/Fe) but
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less frequently with cast and rolled Zn-55%Al/Fe (ACM 1,9 respectively).
Subsequent cycles reduced the maximum Ig value and flattened the broad
maximum for ACM2 (Zn/Fe), but this was rarely observed in the cast and
rolled Zn-55%Al/Fe ACMs where the general trend was an initial rapid decline
in Ig followed by a plateau for most of the cycle, thence a more rapid decline

as the water film evaporated to dryness.

Tables of anode mass loss calculated from Ig/t curves as a function of [502] in
the PGB air stream are listed in Appendix A4/2.2 along with the results of
statistical analysis. Figure R1/6 is a plot of the regression equations obtained
from this analysis, plus the data points for anode mass loss versus [802]. The
exposed areas were different for each ACM, as shown in Figure R1/6 and the
tables in Section A4/2.2, which causes complications when attempting to
compare one ACM with another. However, the areas are similar enough and
the mass losses different enough to make reasonably valid comparisons.
Furthermore, the results are supported by weighed mass loss results in Figures

R1/4,5, Section R1.3.

Zinc in ACM2 (Zn/Fe) has the highest mass loss, than eithef rolled Zn-55%Al
alloy in ACMS9 (rolled Zn-55%Al/Fe) or cast Zn-55%Al alloy in ACMI (cast
Zn-55%Al/Fe). The correlation between mass loss of zinc in ACM2 and [SOZ],
was not significant although the regression line is still plotted in Figure R1/6.
This indicates that the mass loss of zinc is relatively unaffected by 802
pollutant in the air stream over the range 0-1 ppm as was found for Zn
weighed mass losses in Section R1.3. There was a significant positive
correlation between mass loss of rolled Zn-55%Al alloy in ACM9 (rolled
Zn-55%Al/Fe) and [502] indicating that there is a moderate increase in mass

loss as [502] is increased. There is no significant correlation between mass
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loss of cast Zn-55%Al alloy in ACMI (cast Zn-55%Al/Fe) and [SDZ]' A similar
situation exists for weighed mass 1055/[802] trends in Section R1.3. Mass
loss/[SOz] trends are reasonably similar for cast and rolled Zn-55%Al/Fe
ACMs and this indicates the following. Firstly, the corrosion behaviour of cast
and rolled Zn-55%Al alloy is reasonably similar as would be expected.
Secondly, the method of calculation, Equation (T2/8), Section T2/4, appears to
be justified because areas of anode and cathode plates are very different in
ACMI (cast Zn-55%Al/Fe) but quite similar in ACMS9 (rolled Zn-55%Al/Fe),
see Table E2/1, Section E2.4/3.

3. ACM sacrificial protection ability versus [SOZ]

The zinc in ACM2 (Zn/Fe) sacrificially protected the steel plates for the
entire 4-cycles at all [802] over the 0-1 ppm range. A slight amount of red
rust (less than 0.1% of the total steel area), was occasionally observed at the
end of the fourth PGB cycle as indicated in Table A4/13, Section A4/2.2.
However, white corrosion products precipitated mainly over the steel plates,
leaving the zinc plates appearing dark grey. Photographs, typical of the [SDZ]

range are shown in Figure R1/7a,b for 0 and 0.5 ppm [SOZ]'

The mechanism of sacrificial protection of the steel plates in ACM2 (Zn/Fe) is
depicted in Figures R1/8. This is essentially a dual mechanism in which the
steel cathode plates are protected by the normal sacrificial mechanism of the
zinc plates, plus an added benefit of precipitation of corrosion products on the
steel plates. The normal sacrificial protection mechanism is explained in
Section T2/1,2. The corrosion product precipitation mechanism is as follows.
Zinc ions from corrosion of the zinc plates migrate towards the cathodic steel

plates. Hydroxyl ions formed by reduction of oxygen, Equation (R1/1), migrate
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la) ACM2(Zn/Fe)
PGB 163
0 ppm [802]

b) ACM2(Zn/Fe)

Blc) ACML (CZA/Fe)
PGB 336
0 ppm ESOZJ

d) ACM1(CZA/Fe)
PGB 335
0.1 ppm [sO,]

p) ACM1(CZA/Fe)
PGB 333
0.4 ppm [502]

f) ACM1 (C2A/Fe)
PGB 332
0.6 ppm [sozj

g) ACM9 (RZA/Fe)
PGB 238
0 ppm [502]

h) ACM9(RZA/Fe)
PGB 248
0.05 ppm [802]

{) ACMO (RZA/Fe)
PGB 245
0.1 ppm [502]

j) ACM9 (RZA/Fe)
PGB 253
0.2 ppm [502]

k) ACM9 (RZA/Fe)
PGB 255
0.5 ppm [802]

1) ACM9 (RZA/Fe)
PGB 261
1.0 ppm [502]

'FigHre Rl/7. Typical photographs of 2-electrode ACMs used for
galvanic current tests after 4 PGB cycles at various [so.] showing
corrosion product build-up and red rusting of steel cathGde plates.
ACM2(2n/Fe) (Fig. R1/7a,b) ;ACM1(C2A/Fe) (Fig. R1/7c-£f) ; ACM9 (RZA/Fe)
(Fig. R1/7g-1); CZA,RZA cast, rolled Zn-55%Al alloy.
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Figure R1/9. Effect of [SOZ] on anode mass loss and steel cathode red rust for

ACM9 (rolled Zn-55%Al/Fe) after 4 PGB cycles. Mass loss .line is regression
line based on a linear model; red rust line is curve of best fit by eye through
the data points.
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towards the anode zinc plates, but cause the solution adjacent to the steel
plates to become alkaline. After sufficient build-up of zinc ions and hydroxyl
ions, the solubility productlé_/. Ksp’ Equations (R1/2,3), is exceeded, and
precipitation of insoluble zinc hydroxide occurs predominantly in the alkaline

regions adjacent to the steel plates.

1/zo2 + HZO +2e @ 20H (R1/1)

702t + 20H™ © Zn (OH), 4 (R1/2)
2 -

K = [2n HoH T (R1/3)
14

1.8 x 107" at 18-20°C

This precipitation is likely to have two effects - the efficiency of the steel
cathode plates to oxygen reduction, Equation (R1/1), will be reduced, and the
anodic zinc plates will achieve some inhibition. This is evidenced by the fact
that the area under the Ig/t curves decreases from PGB cycle | to cycle 4,

indicating reduced zinc corrosion, see Section R1.4/2.

Red rust was observed on steel plates of both ACMI (cast Zn-55%Al/Fe) and
ACMS9 (rolled Zn-55%Al/Fe). Typical photographs after 4 PGB cycles are
shown in Figure R1/7c-l at different [802]. These indicate that both the cast
Zn-55%Al alloy and the rolled Zn-55%Al alloy do not sacrificially protect
their respective steel plates as effectively as the zinc in the Zn/Fe (ACM2)

ACM, due no doubt, to their lower mass loss, Figure R1/6.

Not as much red rust appears to have formed on the steel plates of ACMI
(cast Zn-55%Al/Fe) as on those of ACM9 (rolled Zn-55%Al/Fe) and the
amount of red rust did not show a clear decreasing trend with increasing [802]

as did ACM9. However, this may be connected with the cathode/anode area,
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which was 0.22 for ACM1 and 0.99 for ACMS9, see Table E2/1, Section E2.4/3.

Figure R1/9 shows the extent of red rust formation of the steel plates of
ACMS9 (rolled Zn-55%Al/Fe) as a function of [SOZ]. The regression line for
anode mass loss (rolled Zn-55%Al) is also shown replotted from Figure R1/6,
see below. Although there is a large amount of scatter in results at zero and
low [SOZ], the general trend is for an exponential decrease in the extent of red
rust and a moderate increase in anode mass loss as [SOZ] increases. These
results indicate that the rolled Zn-55%Al alloy plates have difficulty in
sacrificially protecting the exposed steei plates at zero and low [802]. This
conclusion is quite opposite to that suggested from the analysis of weighed
mass loss trends in Figures R1/4,5, Section R1.3, and illustrates the problem of
attempting to extrapolate results from one type of measurement (mass loss on
uncoupled metals) to another (sacrificial protection ability using coupled
dissimilar metals). Although Figures R1/4,5 suggest that steel at high [SOZ]
will have markedly increased corrosion rates and this will mean that the low
corrosion rates for Zn-55%Al alloys will have difficulty in sacrificially
protecting the steel, it is apparent from Figure R1/9 that this is not the case.
It is hypothesized that when steel is coupled to rolled Zn-55%Al alloy plates in
ACMS9, the degree of sacrificial protection rises as the [802] rises. This is
attributed mainly to an increase in the conductivity of the water film on the
ACM surface, caused by oxidation of SO2 to sulphate, see Section T4/2. This
increased solution conductivity causes a modest increase in mass loss of the
rolled Zn-55%Al alloy plates, as shown in Figure R1/9, which is sufficient to
protect the steel plates at the higher SO2 levels. White corrosion products
from corrosion of rolled Zn-55%Al alloy plates are‘observed to form over most
of the steel plates, leaving the rolled Zn-55%Al alloy appearing dark grey.

Therefore it is likely that zinc and aluminium ions released by corrosion from
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rolled Zn-55%Al alloy plates precipitate onto adjacent steel plates as a result
of zinc and aluminium hydroxide formation caused by increased alkalinity at
the cathodic steel plates where oxygen reduction predomihantly occurs. This
is a similar mechanism to that discussed earlier in this section for the Zn/Fe

ACMs which also protects the steel plates.

4, ACMS9 mass loss/sacrificial protection ability versus [Cl']

The hypothesis, expounded in Section R1.4/3, that rolled Zn-55%Al alloy
plates in ACMS9 (rolled Zn-55%Al/Fe) sacrificially protect the steel plates
even at high [SOZ] because of an increase in conductivity of the water film,
has been supported by a further test series. In this series, described in Section
E2.6/2, water films containing a range of NaCl concentrations from distilled
water to 1000 mg.L—l [Cl ], were applied in the first PGB cycle only, thence
distilled water in cycles 2-4, to the surface of ACM9 at zero [SOZ] in the air
stream. Typical photographs of ACMS9 after 4 PGB cycles are shown in Figure
R1/10, which indicate that the extent of red rust on the steel plates decreases

as [Cl ] increases.

Figure R1/12 shows curves of best fit by eye for anode mass loss/[C] "] and per
cent red rust/[Cl ]. Data for distilled water has been arbitrarily plotted at
107> mg.L_l [C1"]. It is seen from the curve of best fit that there is a marked
increase in mass loss with increase in [Cl ] concentration at 10 mg.L—l [Cl ]
and above. There is also a marked decrease in per cent red rust as [Cl ]
increases, at 10! mg.L_l [Cl ] and above.

167

Solution conductivity increases with increasing chloride ion concentration

This experiment therefore demonstrates that an increase in anode mass loss,



PGB 278
distilled water

b) PGB 281 |
1 mg.L ~ [C1 ]

PGB 285_'1 _
10 mg.L [c1 ]_

d) PGB 286
100 mg.L [cl ]

') PGB 272 _ Figure R1/10. Typical
1000 mg.L [Cl ] photographs of ACM9

' {(rolled Zn-55%Al/Fe)
after 4 PGB cycles over
a range of [C1 ] show-
ing corrosion product
build-up and red rusting
of steel cathode plates.

a) PGB 309
| O ppm [502]

b) PGB 309
0.05 ppm [502]

©) PGB 308
0.1 ppm E502]

d) PGB 308
0.4 ppm E802]

Figure R1/11l. Typical
photographs of grooved
ZINCALUME after 4 PGB
cycles over a range of
[so.] showing that the
lextent of red rust of the exposed steel
substrate in the grooves increases as [802]

e) PGB 309
1.0 ppm [502]
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brought about by an increasing solution conductivity, results in a decrease in
the amount of red rust on the steel plates of ACM9 (Zn-55%Al1/Fe), and hence
an increase in the level of sacrificial protection of the steel by the rolled
Zn-55%Al alloy plates. This conclusion supports the conclusion in Section

R1.4/3 regarding the reduction in red rust at higher [SO,] thought to result in

9]

a higher solution conductivity brought about by oxidation of SO,, to sulphate.

2

5. Sacrificial protection ability of ZINCALUME coating versus {SOZJ

The results in Sections R1.4/3,4 show that the ability of rolled Zn-55%Al alloy
to sacrificially protect the steel plates in ACM9 increases as the conductivity
of pure water films increases, either by small additions of chloride ions or
sulphate ions, the latter thought to result from the oxidation of 802 from the
air. This section attempts to show that an unpassivated ZINCALLUME coating
acts in a similar way to its exposed steel substrate. Discs of unpassivated
ZINCALUME coated steel, with grooves cut in them so as to just expose the
steel substrate, were exposed in the PGB test chambers to water films which
were allowed to evaporate to dryness over 4 PGB cycles in an air stream

containing different concentrations of 802 pollutant, as described in Section

E2.6/3.

The general pattern was for red rust to occur in the grooves to differing
degrees depending on the [SOZ]’ and for white corrosion products from
corrosion of the ZINCALUME coating to spread across the coating/groove
interface and into the groove itself. Typical photographs of grooved
ZINCALUME discs after 4 cycles at various [SOZ] are shown in Figure R1/11,
illustrating the extent of red rust in the steel groove areas decreases as [SOZ]

increases.
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Figure R1/13 is a plot of the extent of red rust in the exposed steel grooves as
a function of [SOZ] in the air stream. A fair degree of scatter exists in the
results at zero and low [802] as was observed in Figure R1/9, Section R1.4/3.
However, the general trend is for an exponential decrease in the extent of red
rust as [SOZ] increases, indicating that sacrificial protection ability of the
ZINCALUME coating increases as [SOZ] increases. The same mechanism, as
discussed in Section R1.4/3, is thought to occur here, that is, a dual
mechanism of sacrificial protection by the ZINCALUME coating aided by
precipitation of corrosion products on the steel. There is a fair degree of
similarity in this plot and Figure R1/9, for red rust on steel plates of ACM9.
This suggests that the degree of sacrificial protection afforded by the rolled
Zn-55%Al alloy plates in Figure R1/9 is similar to that afforded by the
unpassivated ZINCALUME coating, despite differences in microstructure and

corrosion behaviour discussed in Section R1.2/2.

R1.5 PGB Impedance Tests on 3-Electrode ACMs

l. Aims, method of calculation

The aim of this section is to compare the impedance behaviour of the various
3-electrode ACMs during 4-cycle PGB test chamber tests at 34.2°C in which
the [SOZ] was varied over the range 0-1 ppm, see Section E2.6/1. The ACMs

investigated were ACM3 (Zn), ACM4 (rolled Zn-55%Al alloy) and ACM8 (Fe).

The wide frequency range impedance method was used to collect impedance
data for each ACM, as discussed in Section £2.6/4. For each run within a PGB
cycle, this data was analyzed manually by first plotting a Nyquist plot

(reactive, b, versus resistive, a, components of impedance, Z, where Z = a + jb)
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and a Bode (log modulus of impedance, r, and phase angle, ©, versus log
frequency, f) plot on the digital plotter. Parameter values of an equivalent
circuit model representing the metal/solution interface were then calculated
from these plots. The model chosen to best suit the impedance data was the

normal charge-transfer resistance, R_, in series with a Warburg diffusion

y
resistance, Zo, both in parallel with the double layer capacitance, Cd. A
solution resistance, Rs, was also included. This model is described partly in
Section T1/4, Figure T1/2, and partly in Section T1/S, Figure T1/4. Nyquist
plots were preferred to Bode plots for obtaining parameter values Rs’ Rt’ Cd
and o (Warburg diffusion coefficient), but in certain cases difficulty was
experienced in analyzing Nyquist plots and Bode plot values were obtained
instead. Because these values were manually calculated, a larger degree of
error would be included compared to values calculated by an iterative
computer program method, which is at present under development. Manual
calculation methods for Rs' Rt’ Cd are described in Section Tl1/4, for o in
Section Tl/S;Z and also in reference 17. Cell impedance corrections for
identical working/auxiliary electrodes have been applied to the results
discussed in Sections R1.5/3-5. These correction methods are described in
Section T1/6. Values of o were calculated by two methods as described in
Section T1/5.2. The first method is an approximate one using Equation
(T1/12). The second method, using program ‘sigma’ in Section Al/4.6 is more

accurate and uses Equations (T1/13,14). However, both methods gave very

similar results for these ACM calculations.

2. Nyquist plot shapes

Some 411 Nyquist and 411 Bode plots were obtained but only example plots of

each ACM are shown in Figures R1/14-16 (Nyquist) and R1/17-19 (Bode). The
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Figure R1/14. Nyquist complex plane plots of resistive, a, versus reactive, b,
components of 1mpedance for ACM3 (Zn) at 1.0 ppm [SDZ].

code PGB cycle run time (mm)
1 290/1 1 10
2 290/3 l 10
3 290/4 1 10
_80 T

(ohm)
I
Q

b
T

200
0 100 a (ohm)

Figure R1/15. Nyquist complex plane plots of resistive, a, versus reactive, b,
components of impedance for ACM8 (Fe) at 1.0 ppm [SDZ].

code PGB cycle run time (min)
1 262/1 1 10
2 262/1 4 160
3 262/2 4 160
-500 L

- N

s
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Figure R1/16. Nyguist complex plane plots of resistive, a, versus reactive, b,
components of impedance for ACM4 (rolled Zn-55%Al) at 1.0 ppm [802]'

code PGB cycle run time (min)
1 294/1 l 10
2 294/2 3 81

3 294/4 3 120
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Fiqure R1/17. Bode plot
of log f versus log r and
6 for ACM3 (Zn) at 1.0
ppm [SOZ]' PGB 290.

code cycle/run time
1 1/1 10
2 3/1 10
3 4/1 10

Figure R1/18. Bode plot
of. log f versus log r and
© for ACM8 (Fe) at 1.0
ppm [802]. PGB 262.

code cycle/run time
| 1/1 10
2 174 160
3 2/4 160

Figure R1/19. Bode plot
of log f versus log r and

6 for ACM4 (rolled
Zn-55%Al) "at 1.0 ppm
[SOZ]' PGB 294,

code cycle/run time
1 1/1 10

2 2/3 8l

3 4/3 120
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general Nyquist plot shape was a semicircular arc at higher frequencies, plus a
diffusion tail at lower frequencies, interpreted as Rt plus ZQ in parallel with
Cd. The shape of the plot indicates the type of corrosion control, which here
is a combination of charge-transfer and diffusion. There was a general trend
for the semicircular shape to decrease from cycle to cycle, indicating

decreased values of R,, but there were exceptions, notably with ACM4 (rolled

t
Zn-55%Al).

Difficulties were experienced in analyzing all the Nyquist or Bode plots in two
general cases. Firstly, the semicircular arc was sometimes only partly
formed, with the highest frequency portion missing. The severity of this
problem depended on the ACM type and the build-up of corrosion products,
gradually getting worse from cycle to cycle in the PGB and degrading in the

order from left to right: ACM4 (rolled Zn-55%Al) < ACM3 (Zn) < ACM8 (Fe).

This problem was a result of the frequency response analyzer being limited to

an upper frequency of only 65 kHz. It was caused by the time constant ’Cm =

R, C, being too low, and mainly by R, being too low, because C k6 was

t d t d

relatively constant, see Section R1.5/4. This can be readily explained because
the frequency, fbmax' at the maximum b value on a Nyquist plot is given by

Equation (R174).

fb = 1/2wR_C = 1/2n 7 (R1/4)
max m

If R,is low with Cd relatively constant, then f will be high and all other

t

frequencies will be high, compared to the case where R

bmax

£ is high. As can be

seen by the results in Section R1.5/3, Rt values for ACMB8 (Fe) are lowest and
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ACM4 (rolled Zn-55%Al alloy) highest, so that the semicircle will be less
complete for ACMB (Fe) and give rise to difficulties in obtaining Rt and

especially C Secondly, the angle of the diffusion tail to the a-axis declined

q
from a value close to the theoretical 45° to almost horizontal to the a-axis,
making it extremely difficult to estimate diffusion coefficient, o, values.
Section T1/5.2 describes how program sigma was used to obtain an average o
value in these cases. The severity of this problem depended on ACM type and
build-up of corrosion products, gradually getting worse from cycle to cycle In
the PGB and degrading in the same order as before. This problem was
obviously related to the build-up of corrosion products and is discussed further
in Sections R1.8/1,3. The angle of the diffusion tail actually increased above
45° at the lowest tested frequencies at zero [802] for ACMS8 (Fe) and ACM4
(rolled Zn-55%Al), Section R1.5/3.3, but a linear diffusion tail inclined close
to 45° was observed at higher frequencies and no difficulties were experienced
in determining values of o in this case. These two general problems are
illustrated in the Nyquist plots of Figures R1/14-16.

3. R, and o trends versus time and [SOZ]

t

Figures R1/20-22 shows Rt as a function of time for each run within a PGB
cycle, and from cycle to cycle at each SO2 concentration for ACM3 (Zn),
ACM8 (Fe) and ACM (rolled Zn-55%Al). Similar plots for o are shown in

Figures R1/23-25.

3.1 Trends within a cycle

The last data point in a cycle is sometimes higher for R_and o than previous

t

points in the same cycle for each of the 3 ACMs. This was caused by the
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water film drying out so that the ACM surface was either <100% wet or only a
very thin film existed. This rise does not necessarily mean that
charge-transfer and diffusion rates decrease, but may simply be due to a

reduced area of corrosion.

For ACM3 (Zn), Rt and o trends within a cycle are similar in behaviour.

Values of R, Figure R1/20, and o (Figure R1/23) do not show the tendency to

t!
decrease within a PGB cycle as is shown with ACM8 (Fe) in Figures R1/21,24.

In some cycles, R, and o drop, in others they rise and in others still they

t
remain relatively constant with time. These results suggest that corrosion of
the Zn plates and diffusion processes to/from the ACM surface remain

relatively constant within a given cycle, but with some exceptions.

For ACMS8 (Fe), Rt values, Figure R1/21, decrease within a cycle for all four

PGB cycles at zero [SOZ]' When SO, is present, there is still a decrease in the

2
first cycle, but the decrease is not as marked in later cycles. In Figure R1/24,
o values are relatively constant within a cycle for all four cycles at zero
[SOZ]' but a decrease is noted in cycle | when 802 is present. This decrease
becomes less marked for PGB cycles 2-4. These results suggest that
charge-transfer rates increase at zero [SOZ] within a PGB cycle, but diffusion

processes remain unaltered. When 502 is present, both charge-transfer and

diffusion processes increase.

For ACM4 (rolled Zn-55%Al), Rt values, Figure R1/22, decrease within a cycle
over the entire [SOZ] range in a similar manner and degree to ACM8 (Fe), and
more marked than ACM3 (Zn). In Figure R1/25, o values are relatively

constant within a cycle. These results indicate that charge-transfer processes

decrease within a PGB cycle, but that diffusion processes remain unaltered.



R1.5 187

3.2 Trends from cycle to cycle

For ACM3 (Zn), Rt values, Figure R1/20, generally decrease from cycle to
cycle over the entire [SOZ] range, although there are exceptions. The drop
from cycle to cycle was relatively small at 0,0.1,0.2 (PGB 354) and | ppm

[SO but was quite marked at 0.05,0.2 (PGB 233) and 0.5 ppm [SOz]. This

o)
variable behaviour is also reflected in the o trends from cycle to cycle in
Figure R1/23 but to a less noticeable extent. It is therefore difficult to

conclude that decreases in R, and o from cycle to cycle indicate faster rates

t
of charge-transfer and diffusion. An explanation is discussed in Section
R1.8/1 where this variability is thought to be caused by random partial short
circuits between alternate ACM plates. The pattern for o to decrease from
cycle to cycle over the entire [SOz] range is similar, but less pronounced than
that for ACM8 (Fe) in Figure R1/24. Values of o are generally an order of
magnitude higher than Rt values at the same [SOZ]' cycle and run time, as can
be ascertained by comparing Figures R1/20,23. This suggests that a
combination of charge-transfer and diffusion control governs the corrosion
rate, with the possibility that diffusion control may even predominate, a

finding that is supported by the discussion in Appendix A5/2. This Is

reasonable for corrosion under thin, stagnant water films.

For ACM8 (Fe), Rt 'values, Figure R1/21, and o values, Figure R1/24, are close
together from cycle to cycle at zero [802], indicating little change in the
rates of charge‘—transfer and diffusion processes. There is a marked lowering
of both Rt and o values from cycle to cycle when 802 is present, normally
indicating much faster corrosion rates and/or corroding area, and diffusion
processes that speed up markedly. It is also possible that partial shorts are

involved, refer to Section R1.8. This is summarized in Figures R1/26,27 for Rt
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and o values taken at about 10 min test time (results taken from Figures
R1/21,24 respectively). Values of ¢ are generally higher than corresponding
Rt values, but there is not as great a difference as was found for ACM3 (Zn).
This may indicate that diffusion may not be as controlling as it was for ACM3

(Zn). In cycle 1, the drop in R, and ¢ as [802] is increased suggests that there

t
is a rapid equilibrium of SO2 in the water film on the freshly abraded ACM
surface. This pattern is reflected in cycles 2-4 which also indicates a rapid

uptake of SO, in the water film and/or the corrosion products.

2

For ACM4 (rolled Zn-55%Al), Rt values, Figure R1/22, and o values, Figure
R1/25, are remarkably constant from cycle to cycle at all [SOZ]' indicating

little change in the rates of charge-transfer and diffusion processes.

3.3 Trends with [802]

For ACM3 (Zn), it is difficult tQ summarise the effect of [SOZ] on Rt and o
value from Figures R1/20,23 because of the variability at 0.05,0.2 (PGB 233),
0.5 ppm [SOZ] as previously mentioned in Section R1.5/3.2, and assumed to be
caused by partial short circuits, refer Section R1.8/1. However, typical
photographs at 0,0.2,1.0 ppm tSOZ] in Figure R1/28a-c show white corrosion
product build-up over the entire ACM surface after four cycles, but there does
not abpear fo be a-ny essential difference in the amount of build-up at the
different 802 lgvels’. This is supported by the weighed mass losses in Figures
4,5, Section RI1.3; the galvanic current calculated mass losses in Figure R1/6,
Section R1.4/2; and the corrosion current calculated mass losses ‘in Figure
1735, Section R1.6/4; all of which show no significant trends with [802].
Figure R1/48, Section R1.7/2 summarises the effect of [802] on Zn mass loss

for each of these test methods.
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For ACM8 (Fe), Figures R1/26,27 are summary plots for Rt and o taken after
about 10 minutes duration of each cycle from Figures R1/21,24 respectively.
The Rt and o results at zero [SOZ] are both higher in value and closer together
from cycle to cycle, indicating lower corrosion and diffusion rates with little
change from cycle to cycle, compared with results in the presence of [SOZ]'
The corresponding Nyquist plots show a very large diffusion tail relative to the
semicircle diameter, suggesting that diffusion processes are rate determining.
The angle of the diffusion tail is <45° at around 100 Hz but increases to >45°
at lower frequencies. This is also observed with ACM4 (rolled Zn-55%Al) and
may indicate some adsorption processes. Visual inspection, see Figure
R1/28d-i, indicated that only a small number of red rust 'nests’' had formed at
zero[SOZ] after four cycles, Figure R1/28d,e, but the number of 'nests’
initiating on the surface in the first cycle increased markedly as [SOZ] in the
air stream increased, and the ACM surface was heavily covered with red rust
at 1.0 ppm [SOZ] after four cycles, Figure R1/28f-i. Visual inspection
therefore supports the Rt/time results. Values of Rt at zero [SOZ] are higher
than for ACM3 (Zn) or ACM4 (rolled Zn-55%Al alloy), suggesting a lower
corrosion rate. However, as [SOZ] increases, Rt values decrease markedly and

more so than ACM3 (Zn) or ACM4 (rolled Zn-55% Al alloy), normally indicating

a greater increase in corrosion rate in the presence of [SOZ]'

X-ray examination of the red rust after four cycles at 0.5 ppm [SOZ] for PGB

260 indicated the presence of mainly Fe3O magnetite, together with

4)
6FeO(0OH), lepidocrocite, and aFeO(OH), goethite. Reaction products of SOZ'
such as sulphates, could not be detected. Two steel samples were placed in
the PGB for one and two cycles at 0.5 ppm [SOZ] and subsequently analyzed by

energy dispersive spectroscopy, EDS. To roughly measure the presence of

sulphur products in the red rust, a number of cellotape strips were applied to
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Figure R1/26. Summary plot of the effect of [SOZ] on charge-transfer
resistance, Rt’ obtained after about 10 minutes duration of each cycle for

ACMS8 (Fe) from Figure R1/21.
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_
a) ACM3(Zn)

PGB 231
0 ppm [502]

b) ACM3(Zn)
PGB 233
0.2 ppm [502]

ACM3(2Zn)
PGB 289
1.0 ppm [502]

d) ACMS8(Fe)
PGB 212
0 ppm [5021

ACMS (Fe)
PGB 247
0 ppm [802]

f) ACM8(Fe)
PGB 252
0.1 ppm [s0,]

ACMS8 (Fe)

0.2 ppm [502]

h) ACMS (Fe)
PGB 260
0.5 ppm [sozj

ACMS8 (Fe)
PGB 264
1.0 ppm [502]

j) ACM4 (RZA)
PGB 266
0 ppm [s0,]

ACM4 (RZA)
PGB 275
0.2 ppm [502]

1) ACM4(RZA)
PGB 292
1.0 ppm [502]

Typical photographs of 3-electrode ACMs used for

[impedance tests after 4 PGB cycles at various [so0.], showing

corrosion product build-up.

ACM3(2n) (Fig. R1/28a=c) ;ACM8(Fe)

(Fig. R1/28d-i);ACM4 (RZA) (Fig. R1/28j-1) ;RZA rolled Zn~-55%A1 alloy.
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the surface with increasing pressure and then analyzed using EDS in a JEOL
Model JSM 840 scanning electron microscope. The spectra obtained (not

shown) clearly showed S peaks, with the concentration in the range of 1-4%,

indicating the presence of sulphur based products.

For ACM4 (rolled Zn-55%Al), close inspection of Figures R1/22,25 indicate

that there is a small decrease in R, as [802] increases, but that o values are

t
relatively constant, suggesting a small increase in charge-transfer processes
but a relatively constant diffusion process. This is more clearly shown in mass
loss/[SOz] curves in Figure R1/50, Section R1.7/2. Typical photographs at
0,0.2,1.0 ppm [SOZ] are shown in Figure R1/28j-I1, which show only a small

amount of corrosion product after four cycles compared to ACM3 (Zn) and

ACMS (Fe).

4, Q_d/tlme, Cd/ISO2 trends

Double layer capacitance, Cd’ trends versus time are not shown because values
were relatively anstant with time, with [SOZ] and with ACM type. Values
range from 4-7 nF.cm_2 for ACM3 (Zn), ACM4 (rolled Zn-55%Al alloy) and
9-10 nf—'.cm—2 for ACMS8 (Fe) and are several orders of magnitude lower than
expected for the double layer capacitance (20 uF.cm—z), under fully immersed
conditions. The double layer capacitance is effectively in parallel with the
capacitance of the mylar insulator and hence their capacitance should add. On
this basis, the expected measured capacitance should be quite high.
Mansfeld36 has observed capacitances (~5 nF), of the same order as measured
here on ACMs that have become dry and considers that it is due to the
capacitance of the mylar film. This is a reasonable assumption but why the

capacitance remains around these values when a water film is applied is not
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known.
5. R wvalues

ST

Solution resistance, RS, between working and auxiliary plates of an ACM was
obtained or estimated from Nyquist plots as per the method outlined in Section
T1/4 and Figure T1/2. Values are not tabulated but Figures R1/14-16, Section
R1.5/2 are typical Nyquist plots that indicate RS had to be always less than
1710 of charge-transfer resistance, R,_, suggesting that RS was not significant

t

compared to R.. This supports the conclusions found from square-wave tests

.
using a bridge circuit to estimate RS discussed in Section R1.6/8.

However, the values of Rs obtained from ac impedance (Nyquist plots) are
consistently higher than that measured in Section RI1.6/8 from bridge
measurements. This is probably because the intercept on the a-axis of a
Nyquist plot at high frequencies, which determines the value of Rs, can be
effected by stray cell capacitance in galvanostatic impedance experiments,
resulting in higher RS values than in the absence of stray capacitance16

36,125,172 performed potentiostatic impedance experiments (which

Mansfeld
do not produce large Rs values as a result of stray capacitance), on steel/steel
and Cu/steei ACMs in 0.01 N NaCl and Na2804 solutions and also concluded
that Rs was rpuch lower than R, Gonzales et al116 came to the same
conclusion for 3-electrode ACMs made with Al, Cu, Fe and Zn plates for
invisible adsorbed moisture layers in a moisture-saturated atmosphere,

although the values quoted for R$ were much higher (110-3800 ohm) than

values measured here (range 0-10 ohm) or reported by Mansfeld (range 8-50

c)hm)125,172'
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R1.6 PGB Corrosion Current Tests on 3-Electrode ACMs

1. Aims, method of calculation

The aim of this section is to compare the corrosion rate behaviour of the
various 3-electrode ACMs during 4-cycle PGB test chamber tests at 34.2°C in
which the [SOz] was varied over the range 0-1 ppm, see Section E2.6/1. The
ACMs investigated were ACM3 (Zn), ACM4 (rolled Zn-55%Al alloy) and ACM8

(Fe).

The method used to collect corrosion rate information (corrosion current, Ik'
anodic and cathodic Tafel slopes, ba and bC respectively) is given in Sections

E2.6/5, El1.2/4. Values of I ba and bC are calculated automatically in

kl
subprogram RP_EXPT, as discussed in Section Al/5.1. A plot of experimental
current, I, versus voltage response, e(:E—Ek), along with the curve fitted line

through these data points is also produced. An example plot is shown in Figure

R1/51, Section R1.7/3.3.

2. Current/voltage response plots and analysis problems

Some 288 (I/¢) polarization curve plots were obtained corresponding to four

runs per cycle over four cycles at six [802] levels for three ACMs.

The shape of the (I/¢) plots depended on the Tafel slope, ba and bc’ values, and
the corrosion current, Ik’ as discussed in Section T3/6 and shown in Figure
- T3/4. All three basic curve shapes were observed - the curve indicating

relatively low ba and bc values (like Figure T3/4a); the curve indicating low ba

and high bC (like Figure T3/4b); and the curve indicating high ba and low bC
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(like Figure T3/4c).

Some difficulties were experienced in analyzing all the plots. Large bC values
caused the analysis routine IK_CALCS, Section Al/5.2, to diverge and no
parameter values were returned. In this case the data was re-analyzed using
analysis routine IK_CALCS9, which is programmed to return parameter values if
bC reaches a maximum of around 10 000 mV/decade. Values of this magnitude

indicate diffusion control of the cathodic reaction and a bC value of infinity.

Lack of sufficient curvature in some (I,¢) plots results in a large uncertainty
(high standard deviations) in the parameter values Ik’ ba and bC. This lack of
curvature can occur on the cathodic side, anodic side, or both sides, of the
polarization curve. It has previously been referred to3 as an extended range of
linearity which results from moderately high Tafel slope values. The plot
shape, and hence the amount of curvature, is shown in Figure T3/6,7, Section
T3/6 to be determined by the values of Ik’ ba and bc' In cases where there is a
lack of curvature, the voltage response range must be increased by the
application of higher currents so that a greater degree of curvature will
result. However, it is difficult to assess whether a sufficient degree of
curvature in the polarization curve has been attained when the (I,¢) data is
being collected. One bad (I,¢) data point can made a considerable difference
to calculated Ik’ ba’ bc values when there is little curvature in the polarization
curve. Subprogram RP_EXPT, Section Al/5.1, has an operator selectable

option to delete data points prior to analysis to overcome this sort of problem.

The shape of the e¢/time voltage response was not always ideally an
exponential growth to an easily detectable steady state as shown by type 1 in

Figure R1/29, representing the charging of the double layer capacitance, Cd,
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via the parallel charge-transfer resistance, R,. Sometimes superpolarization

.
(an initial peak followed by a decay as shown by type 2 in Figure R1/29) was
observed either in anodic, cathodic or both the voltage responses but more
often with anodic voltage responses. This usually became more pronounced at
the higher voltage responses (anodic or cathodic). It was frequently observed
with ACM3 (Zn), less frequently and the superpolarization peaks were of lesser

magnitude for ACM4 (rolled Zn-55%Al alloy) and only occasionally observed

with ACMS8 (Fe).

Superpolarization effects have been observed previously for zinc,
galvanized steel and steel under full immersion conditions and their
interpretation has been widely discussed in the literature, particularly with
reference to iron”a_”a. Drazic et all78 has summarized the attempts made
by other authors to explain superpolarization effects as due to the reaction
mechanism, local pH changes, surface morphology changes, desorption of
absorbed hydrogen. They concluded that superpolarization effects on iron in
sulphuric acid solutions were due to partial blockages of the surface with
adsorbed hydroxo particles at high coverages which block the surface for the
main reaction. Bockris et allu suggest that the superpolarization peak may
be caused by a change in the pseudocapacitance as the voltage response

changes in magnitude. They explain the pseudocapacitance in terms of

adsorption of a species on the electrode.

For the simpler case of superpolarization without other complications, as
illustrated by type 2 in Figure R1/29, the peak in the voltage response lasted
only up to several seconds depending on the size of the current step. Voltage
responses read at 6 s were reasonably steady state values in this case, and did

not contain the effects of the voltage peak.
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Fiqure R1/29. Typical shapes of polarization, e, (=E—Ek),time/voltage

type 4

responses following a galvanostatic applied current step, I. Normal response
(type 1); response with superpolarization (type 2); superpolarization response
with slow decay is caused by the sum of three effects - normal double-layer
charging (curve 1); downward shift in corrosion potential, Ek’ due to I (curve

2); and superpolarization effect (curve 3); anodic responses appear to be
limited in magnitude (type 4); voltage responses slow to attain steady state

(type 5).
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However, there was a complicating situation where the decay of the
superpolarization peak took longer than the normal voltage response reading
time of 6 s, as illustrated by type 3 in Figure R1/29. This was observed at
higher applied currents for both ACM3 (Zn) and ACM4 (rolled Zn-55% Al alloy)
to a lesser extent. Barnartt176 considered this type of voltage transient to be
the sum of three effects, and these are shown dotted for type 3 in Figure
R1/29 for the anodic pulse only. Curve 1 is due to charging of the double layer
; curve 2 is due

capacitance, C ,, via the parallel charge-transfer resistance, R

d’ t
to an (unexplained) slow downward drift in the corrosion potential caused by
the applied current; curve 3 is due to the superpolarization effect. Reading
the voltage response prior to the steady state situation so as to include a
portion of the superpolarization peak will cause the voltage responses to be
larger than those measured at the true steady state. This will result in higher
calculated values of ba and bc' if the calculated Ik value remains
approximately constant, as is shown in Section T3/6. No attempt was made to
correct this situation. All voltage responses for ACM3 (Zn) and ACM4 (rolled
Zn-55%Al alloy) were read at 6 s and most voltage response data was

collected for only about 7.5 s. It was considered that there was some merit in

keeping the voltage response reading time constant.

The size of anodic voltage responses on ACM4 (rolled Zn-55%Al alloy)
sometimes appeared to be limited after the superpolarization peak, as shown
by type 4 in Figure R1/29 for three voltage responses at increasing applied
currents. This problem was somewhat overcome by restricting the range of
applied currents on the anodic side to smaller values, but such an effect
resulted in low calculated values of ba compared to bC values. The cathodic
voltage responses also tended to limit, but only when the voltage response was

much larger in magnitude.
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Anodic and cathodic voltage responses were frequently slow to rise to a steady
state situation, sometimes taking up to 30 s to achieve steady state, but more
usually reaching a steady state in less than the usual voltage reading time of
6 s. Figure R1/29 shows a typical type 5 anodic and cathodic voltage response
in which the cathodic voltage response is slower to achieve a steady state
situation than the anodic voltage response which was the usual situation with
type 5 voltage responses. This slower cathodic response was probably due to
the applied currents nearing the oxygen diffusion limiting current. The slow
voltage response rise (anodic or cathodic) was observed less frequently on
ACM4 (rolled Zn-55%Al alloy) than either ACM3 (Zn) or ACMB (Fe). Its
occurrence was generally associated with low values of Ik and high values of
R_, indicating its cause as simply the slow charging of the double layer
capacitance via a high polarization resistance as discussed in Section T3/3.
However, the slow rise usually was more pronounced at higher absolute values
of applied current, suggesting that diffusion of anodic reaction products away
from the working electrode played a role. This subject has been referred to

2,51,52

previously as mass transfer effects , or as a slow upward drift in the

corrosion potential due to the applied current when the dissolving metal is
covered by corrosion product layers causing a large pseudocapacitance ©1'%%,

and is discussed in Section T3/4.1. The slow upward drift was not observed in

cases exhibiting the superpolarization peak.

These slow voltage response rises were combated in either of two ways. When
the voltage response indicated simply a low Ik or high Rp value, applied
currents were extended up to about 30 s, and the respective voltage responses
analyzed at different reading times. This occurred at 0, 0.05 ppm [SOZ] for
ACMS8 (Fe) and in cycles 3 and 4 for ACM4 (rolled Zn-55%Al alloy) at low

[SOZ]' The case of the slow rise being due to mass transfer effects was mainly
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associated with ACM8 (Fe) at higher Ik or lower Rp values. In this case,
voltage responses were read at the standard time of 6 s, which was a good
compromise allowing completion of double layer charging but excluding the
majority of the slow upward drift due to Ek shifts.

Figure R1/30 is an example (ACM4 PGB 325 cycle 3 run 1 at 0.2 ppm [SOZD of
the effect of voltage response reading time on calculated corrosion parameter
values for the case of low corrosion rates. The voltage responses are shown in
Figure RI1/30a and the effect of voltage response reading time, tv' on
calculated values of Ik’ ba and bC are shown in Figures R1/30b-d respectively.
This demonstrates the seriousness of neglecting the effect of reading time in
calculating corrosion parameter values, as there is a large decrease in
calculated values of Ik’ ba and bC as tv is increased. If galvanodynamic scans
were employed instead of galvanostatic steps, then scan rate would be the
important variable rather than tv. Double layer charging has not been
completed at 2 s, as can be observed in Figure R1/30a, nor even at 6 s.
Therefore, these times are not really applicable for analysis in this case.
However, the 10 s voltage response readings cause the calculated values of Ik'
ba and bC to be respectively 40, 23 and 2% higher than the 30 s readings and
this rises to 105, 51 and 19% if the 6 s readings are taken instead of the 30 s
readings. The charging curve method of Jones and Greene56 is available to

calculate corrosion rate parameter values from non-steady state data, but was

not used in this thesis.

In certain instances the fitted polarization curve through the (I,¢) data points
was not a good fit, and this resulted in large standard deviations for Ik’ ba and
bC and a high percentage error (equivalent to the sum of the squares of the

differences between fitted e-value and ¢ data point at a given I). Although
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the 'delete a data point' routine in subprogram RP_EXPT, Section Al/5.1,
improved this situation, there were instances where curve fits could not be
improved sufficiently, eq Figure R1/51, Section R1.7/3.3. These cases were
likely to be caused by a change in corrosion rate characteristics during
collection of the voltage responses, or because the data did not properly fit

the model equation.

The analysis problems mentioned in this section help to explain the wide

variation in calculated corrosion parameter values observed in Sections

R1.6/3-6.
3. ;k/tlme trends
3.1 ACM3 (Zn)

Figure R1/31 shows corrosion current density, ik’ as a function of time for

each run within a PGB cycle, and from cycle to cycle at each [802].

Starting from a freshly abraded surface in cycle I, ik generally increased with
time at all [SOZ] levels and then levelled off, finally dropping somewhat just
prior to the ACM surface drying out. This suggests that the corrosion rate
and/or area (the number of corros<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>