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The behaviour of acrylic and vinyl based polymers in 3% sodium
chloride solution, was studied under a number of experimental conditions.
The infra-red spectra and glass transition temperatures of the polymers,

were determined experimentally.

The a.c. impedance response of both free and attached films, to
changes in the solution temperature and to the Qreation of a pinhole in
the films, was monitored. It was found that there was little change in
the impedance data with temperature, but the presence of a pinhole in a

film, can be detected with this technique.

Vinyl films were immersed in both aerated and deaerated salt solution
and it was observed that a faster corrosion rate occurred in the
deaerated solution. A possible explanation for this phenomenon, is

suggested.

The impedance response of coatings of different thicknesses and the
effects of different substrate preparations, were also examined. With a
thick, intact coating, there is little correlation between the impedance
data and the underfilm corrosion processes. Only the impedance response
of the film itself is monitored. For thinner or more defective coatings,
the impedance data shows some correlation with the observed corrosion

events.



The rest potential of the specimens was also monitored with time. It was
noted that for an intact film, it was difficult to measure the rest
potential. For more defective films, the rest potential appeared to

decrease as corrosion processes occurred on the specimen.
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The problems involved in protecting a structure made from a corrodible
material such as mild steel, have been known for many years and there are
a number of technological methods used to control the corrosion of such
materials and structures. Protection can be achieved sucessfully under
certain conditions, for example, the use of Cathodic Protection can
completely prevent corrosion of a substrate, providing that both
structure and Cathodic Protection system are in an aqueous environment.
Special protection problems are present for structures requiring
protection against aggressive corrodants such as salt spray or acid
attack. In these situations, the application of a coating to the metal
may be the only viable or the most economic means of its protection and
it is therefore important that the choice and application of the coating
is suitable for the particular situation. Much effort has been devoted to
the study of paint film behaviour and to the development of specific
paints for particular environments. and the rest of this chapter
describes some of the experimental work carried out on paints The test

methods often used in paint performance assessment.



1.2 Composition of paints,

The function of any paint, apart from any decorative aspects, is to
prevent the corrosion of the underlying substrate <1> and it is important
that the coating is chosen to be able to withstand the particular
environment in which it is placed <2>. Whilst there are many suitable
compounds which may be incorporated into a paint, the required
performance of the dry coating will govern the choice of constituents.
Paints are made up from several compounds <3> and may contain a wide
variety of ingredients. The most important of which is the vehicule or
resin; this is the base material for the paint, and the structure and
composition of the resin or polymer used will determine many of the

physical characteristics of the dry film <i)>,

The polymer also determines the fiexibility of the coating under
conditions of movement or stress, the resistance of the coating to
abraision and wear, as well as its resistance to chemical attack and
other harmful agents such as ultra-violet light, water and oxygen, the

latter two being the major causes of corrosion of steel.



Type of Paint Resins or Solvents Typical Uses
Binders

Non-convertible

Coatings

Cellulose Laquer| Cellulose Ketones, Car Paints
Nitrate White Spirit,

Alcohols

Chlorinated Chlorinated Xylene Marine Paints

Rubber Rubber

Varnish Shellac, Ethanol Decorative
Copal, Wood Coatings
Novolac

Vinylite Vinyl Ketones, Bridge Paints
Co-polymers Xylene

Convertible

Coatings

Alkyd Paints Linseed 0il, White Spirit Artists 0i1
Alkyd Turpentine Paints,

Gloss Paint

Acrylic Acrylic Acids, | Xylene, Car Paint

Acrylic Esters | Ketones,
White Spirit

Epoxy Paint Expoxide Resin | Esters Scaffolding,

(Amino cured) Steel Tube,
Products

Table 1.1 Composition and use of some paints.

Once a polymer base has been chosen, other materials may be added to
it, such as pigments, which can play a dual role in a paint film. Firstly
they may act as colouring agents, providing a decorative as well as
protective film and secondly, pigments may actively help to prevent
substrate corrosion <5> although the mechanisms by which this protection

is achieved is not well understood, since they are normally inert. Other



inert compounds known as fillers may also be added to paints to increase
the opacity (or covering power) of the paint thus reducing the required
amount of the more expensive pigments. Another series of compounds which
may be incorporated into paints are plasticising agents, which help to
maintain the dry paint film in a flexible or "rubbery" state. These are
added to paints designed for the protection of structures which are
liable to movement or changes in temperature <6>, or impact, where

another coating may be liable to cracking or chipping.

The final main constituent of paints is the solvent, whose function is
to bind together homogeneously all the solid constituents of the paint
and to aid in the application of the coating,'by providing an appropriate
viscosity for the painting technique chosen. The choice of the solvent
for a paint is very important since the incorrect matching of solvents in
paints which are to be overlaid on each other, may lead to internal
strain in the coatings <7> which in turn may cause cracking of the paint
and, obviously, impaired corrosion resistance. It has also been
suggested, that the solvent may be partly responsible for the orientation
of any side groups on the polymer chains and that this in turn may

influence the protective abilities of the paint <8>.

Whilst the constituents of a paint must be carefully chosen for their
combined protective ability in a particular environment, the method of
curing of the film is also important as it affects the properties of the
coating. There are many methods used for curing paints, but perhaps the
most simple is that of solvent evaporation and non-convertible coatings
utilise this curing method.Paint is applied to the substrate and 1left

whilst the solvent evaporates leaving the finished coating, the polymer



remains chemically unchanged and may be re-dissolved in a suitable
solvent. Paints such as chlorinated rubbers <9> are often applied in this
way because this curing method leaves polymer chains free to move giving
some flexibility to the coating. In contrast, a convertible coating is
chemically changed from its constituents and cannot be re-dissolved in
the solvent. This change is brought about by cross linking suitable side
chains on the polymer (or backbone) and this may be achieved by heating
(or stoving) the paint after application. As stoving is obviously an
unsuitable method for large painted structures, cross linking agents may
be mixed into the paint instead. As these agents often act quickly it is
necessary to mix the paint just prior to application, and many such paint
systems are sold in a "two. pack" form, the cross linking agent being
mixed into one part. Many epoxy paints are available in this form and
cross linked paints have the advantage of being more resistant to
chemical attack than many non-convertible coatings, although they may not

be as flexible.

The design of a paint for a particular environment is very important
and in order to improve the corrosion resistance Aof paints, it is
necessary to understand the processes which can lead to the deterioration
and eventual breakdown of a coating and in particular, the mechanisms by
which agressive species permeate through the coating to the underlying
substrate, as well as their effects on the paint itself. The next
sections review some of the work carried out into the processes of

corrosion by aqueous species.



1.3 Paint as a phyvsical barrier,

It is generally accepted that a coating protects the substrate by
acting as a barrier between the metal and the environment <10,11,12>.
This barrier must therefore be tough, chemical resistant and have a low
permeation to aggressive species such as water molecules, oxygen, ions,
etc. It is the penetration and permeation of these species through the
paint to the metal substrate, which are the major causes of the breakdown
of the protective function of the coating <13>. However, the action of a
paint as a barrier only, was challenged by Mayne <14>, who observed that
polymer films are porous enough to allow the permeation of sufficient
water and oxygen to cause as much corrosion to occur on a painted
specimen as on an unpainted one. He suggests that the barrier function is
not the only method by which a coating protects the underlying substrate
against corrosion. Cherry <15> considered the anodic and cathodic
processes which occur on both coated and uncoated systems and suggested
that the vehicule itself may affect the anodic reaction which occurs,
since the potential of a painted specimen is more noble than that of an
uncoated one and the critical current density to cause polarization is
less for a coated electrode. Michaels <16> considered the chemistry and
structure of the polymer itself, as well as the composition and
distribution of pigments and fillers in the paint. He also examined the
methods by which coatings are applied and concluded that all these
factors govern the protective ability of the paint, as does the
electrochemical nature of the substrate <13> and the combined effects of

substrate and polymer interactions <10>. Mayne <17> also considered the



way in which paints protect metal. For example, Zinc rich paints can be
applied as a cathodic protection coating for steel substrates and anodic
passivation, utilising the degradation products of metal soaps, usually
those of lead. Perhaps his most generally applicable proposal and the one
which is in agreement with the findings of other workers, <11,12,18> is
the theory of resistance inhibition. He suggests that the paint (whether
pigmented or not) acts as a protective coating by placing a barrier with
a high ionic resistance between the anodic and cathodic areas on the
metal surface, causing a reduction in the corrosion current which flows
betweén these sites. The degree to which a particular coating is
successful in this function, depends upon the structure of the cured
film, which will determine the rate at which penetration of the coating
by corrosive species will take place, since it is the presence of water
and ions in the film which causes a short circuit of the high resistance
path either through the paint itself, or at the paint-metal interface
<19>. Bacon, Smith and Rugg <18> observed the electrolytic resistance of
paint films and proposed that it is a useful method of assessing the
protective ability of a coating, since the electrolytic resistance is
determined by the ease of diffusion of aggressive species through the
coating to the substrate. They noted that if the electrolytic resistance
was greater than log l? Ohms cml. then the paint was protective, but if
this value fell to log R‘ Ohms cm  or lower, the coating was not
protective. Using this method of assessment, it was possible, they
suggested, to observe the deterioration and breakdown of a paint by

following the changes in its electrolytic resistance with time.



J.Y4 Water transport in coatings,

Much work has been performed which shows that water permeates into a
coating then through to the substrate, where, in combination with oxygen
which has also traversed the film, corrosion can occur. However, the
mechanisms of these processes are less well understood and there are a
wide variety of experimental techniques used to determine how water
enters and passes through a film and how much water 1s retained in the
film. The most popular methods of assessing the absorption of water by a
coating are gravimetric; where samples of paint are soaked in water for
varying periods of time and then re-weighed, the change in weight being
due to water uptake by the film; and the capacitance method, which
measures the the change in the dielectric of the paint and relates it to
water absorption by the film. Although both these methods are useful
<20,21,22>, the recsults obtained by each method vary between paint types
and these variations have been attributed to differences in the
distribution of water within paint films <20>. It is suggested that water
first penetrates into a coating via pores or fissures in the film <23> or
enters at a "holiday" or imperfection <24>. Further penetration into the
coating may be achieved by the water dissolving in the coating forming a
solution in the polymer matrix <21> which reduces the resistance of the
polymer in that area, by forming a "conducting phase", the remainder of

the paint continues to act as a dielectric, as shown overleaf <25>;



}——— Conducting Phase

Dielectric Phase
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Figure 1.1 Phases in a paint film.

This process of water permeation and absorption into a film may be
monitored by following the changes in the capacitance of the film <26>
and there is some evidence that the distribution of the water within the
paint may be elucidated from capacitance changes <20,22,27>. Perera and
Heert jes <28> suggested that the concentration of water already present
in a film could have an effect on the rate of entry of more water into
the coating. This observation supports the "clustering theory" of Zimm
and Lundberg <29> who proposed the idea that when one water molecule
enters the film, other water molecules follow its path, rather than
entering the coating elsewhere on its surface. In this way, water
molecules enter the film as a wedge shape rather than in narrow pores.
Where there are ionisable or hydrophillic groups, such as carboxyl groups,
present in the paint, either as part of the polymer backbone or present
as pigments ete. in the film, water molecules may tend to cluster around
these groups, rather than being dispersed evenly throughout the coating
<30> and therefore the structure of the film will help to determine the

distribution of groups of water molecules within itself.
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The problem of determining the method by which water permeates into a
film, whether the film contains pores or not <31>, has been examined
using a number of different techniques, such as permeation <32,33>,
sorption <34,35> and conduction <36> of water through the paint film, as
well as diffusion of water vapour <37,38,39,40> through both free and
attached films <41> and coatings containing pigments <42>. The results of
all these experimental techniques and conditions seem to indicate that
water enters a film initially as a result of a pressure difference of
water across the film and that this process may be considered in three
parts <35>. Firstly, the sorption of water molecules onto the coating at
the paint-solution interface. Secondly, the diffusion of the absorbed
water through the film under a concentration gradient across the film,
and 1lastly, the de-sorption from the polymer at the paint-metal
interface. In this process, it is generally considered that the diffusion
of water through the film, is the rate determining step and the
mechanisms by which this transport occurs has been examined. Kittelberger
and Elm <U43> suggested that the diffusion of water occurs under osmotic
control since a greater quantity of water was absorbed by films placed in
dilute solutions, than in solutions of concentrated electrolyte. The
findings of Brasher and Nurse <l4i> agreed with this theory and they noted
that in the early stages of immersion in an electrolyte, the
concentration of the water is the most important factor, whilst in later
stages of immersion, the ionic concentration of the solution becomes the
more important parameter as the film may act as a semi-permeable membrane
<45> allowing the diffusion of water and certain ions; the structure of
the film and the degree of cross linking of the polymer, governing the

size of ions which can penetrate the film <46,47>.
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Electroendosmosis, the movement of water through a film under the
influence of an electrical potential gradient, has also been examined by
several workers <48,49> as a means of explaining the causes of blister
formation by certain paint films and it was observed <U48> that water
migrates to the cathode site under the paints which are composed of
negatively charged side groups, for example, carboxyl groups, on the
polymer chains. Conversely, water migrates to the anodic sites of paints
with positively charged groups, such as ammonium groups, on the polymer

backbone.

The effect of the temperature of the experimental solution on the
absorption of water into coatings has also been considered <30,46,50> and
the results indicate that a greater quantity of water is absorbed by
paints at higher solution temperatures, although the increase may be only
slight for some coatings and for some films there is actually a decrease
in the water absorption as the paint passes through its glass transition
temperature <51,52>. That is, the temperature at which a polymer changes
from a "glassy" state, in which it may be brittle, to a "rubbery" state,
in which it is more flexible. The exact temperature at which this
transition occurs depends on the structure and composition of the paint

and may be determined experimentally, as described in this work.

In practice however, few paint systems are exposed solely to the
influence of water as the only aggressive species and the permeability of
both water and ionic sbecies through paint films and their combined
effect on the substrate should be considered, when examining the

protective abilities of a paint film.
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1.5 Effects of ions on pajnts,

The ability of a paint coating to withstand the corrosive action of
water and ions, was thought to be dependant upon the electrolytic
resistance of the film and that whilst this resistance differed between
good (protective) and bad (non-protective) paint films, it was uniformly
distributed over the particular film <18>. However, work by Kinsella and
Mayne <36> showed that the resistance of a paint film does vary over the
surface of the coating and that these differences fell into two
categories which they termed D and I type areas. For areas of the film
where the resistance is high, the resistance of the film did not follow
that of the external solution and this was termed an I or "Indirect"
area. "Direct" or D areas, do follow the resistance of the external
solution and their electrical resistance is low in comparison to the I
areas. Mayne and Mills <53>, reported that where corrosion is occuring,
the film at that site is of the D type, whereas areas which show no
corrosion have films above them of the I type. They suggest that films
with a high electrolytic resistance will be more protective than ones of
a low electrolytic resistance. Further work in this area revealed that D
and I areas could be detected by microhardness measurements, D areas
being softer than I areas and it was suggested that this could be related
to the structure of the paints. The I areas being perhaps more cross
linked than the D areas, which may be more plasticised than the I areas

<54>,

When a paint film is initially immersed in an electrolytic solution,
the coating absorbs water first and ionic species later, by an ion

exchange mechanism <55,56>. Hydrogen ions, which were originally present
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in the film as counter ions on the side groups of the polymer chains,
become "ionised" when the film absorbs water. The now "free" hydrogen
ions can ion exchange for other cations present in the external solution
which will enter the film under a concentration gradient. The ingressing
and exchanging cations may be monovalent (for example Nér ,K*-,) or
divalent ions (such as Cg",Mgmi , the latter, ion exchanging for two
hydrogen ions <57>. These two processes, namely water absorption and ion
exchange have been termed the "fast" and "slow" changes respectively
<58>. The fast change (water uptake) occurs within minutes or hours of
immersion, whilst the slow change (ion exchange) may take place over a
period of days or weeks depending upon the film itself and the external
solution. Radiotracer studies, using labelled water molecules and Né’and
Clnions, have confirmed the theories of water permeation into a film by
diffusion processes and the ion exchange processes of ions in the
electrolyte becoming associated with fixed groups on the polymer chéins,
whilst the hydrogen ions can diffuse into the external solution <59,60>.
Glass and Smith <60> also concluded from their tracer work, that the
diffusion processes follow Fick's laws and that the diffusion is
inversely proportional to the thickness of the film, but directly
proportional with time of immersion. Other studies involving diffusion
rates have reported that there is a linear relationship between the
resistance of the membrane and the rate of ion diffusion, a high
resistance film having a low ion diffusion rate <61> and that ions
entering a film may not interact directly with polymeric side groups, but

may be shielded from interactions by a large number of water molecules

clustering'around the ion <62>.
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Since studies of ion exchange processes and water absorption
mechanisms have been carried out using both free and attached films and
although objections have been raised as to the validity of performing
absorption experiments on free films since the free film may not have the
same stresses or distortions as an attached film <63>, it is generally
accepted that the lack of a substrate removes the complications of
paint-substrate interactions. Although water diffusion and ion exchange
can take place from both sides of a detached film, this increased
absorption can be taken into account when analyzing the results. When
such data is compared with results from attached film experiments,
information concerned with the adhesion of the paint film may be obtained

<53>.

1.6 Non-electrical methods of pajnt testine.

There are many problems associated with paint testing and the
assessment of a paints performance in a particular environment and a
large number of different tests are available <64>, ranging from long
term testing <65>, which may be costly in terms of the amount of work
involved, as well as the time taken to make measurements of certain paint
parameters, such as the hardness of the dry film <66>. As with all areas
of paint testing, the experimental techn;ques, exposure conditions and
methods of assessment vary considerably between both tests and workers.
Painted panels are often exposed to an "accelerated weathering test",
based on the use of a salt spray chamber. Specimens may be scribed with a

single scoring mark, or 'a cross, or left undamaged, prior to exposure.
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After completion of the test, specimens are removed from the cabinet and
examined for corrosion. This is usually a visual examination, but simple
"peel-off" tests may also be used. Sticky tape is pressed down over the
scored area and pulled off, any paint adhering to the tape is assessed
for area and condition. Unfortunately, the amount of paint which may be
pulled off the sample can vary considerably between workers and from one
panel to the next, depending on the firmness of application of the tape

and the angle and speed with which it is pulled off.

It 1is important, when assessing the protective abilities of a paint,
to test it in several environments, as a paint may be protective against
some corrosive species or in certain environmental conditions and much

less protective in other situations <67>.

These types of tests, using simulated environments have several
problems. Firstly, they require a large number of test specimens if the
results are to be statistically significant and if the result of testing
with time of exposure is to be considered. Secondly, it 1is difficult to
simulate "real" exposure conditions in an accelerated test and thirdly,
the assessment of the performance of a paint presents many difficulties.
Consequently, much research has been aimed at finding quicker, easier and
more accurate methods of paint testing. The adhesive properties and
abilities of a paint in a given environment was considered as one
possible alternative technique. It was suggested that loss of adhesion to
a substrate is caused by permeation of water through the film <30> and
its subsequent collection at the interface between the substrate and the
coating <19,68>. A number of adhesion test methods based oﬁ different

techniques, such as "direct pull-off" <69>, "sandwich pull-off" <70> and
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"torque wrench" <71> methods been used, but all suffer from
disadvantages. These are usually problems involving the adhesive and
cohesive strength of the paints. If the adhesive strength between the
paint and the substrate is greater than the adhesive strength between the
paint and the test apparatus, the paint is not pulled off the substrate.
Where a cohesive failure occurs, paint remains adhered to both substrate
and apparatus. The quantity of paint adhering to the substrate may be
small and may not completely cover the test area, in such cases, it is
difficult to assess the mode of failure of the specimen. These problems
have recently been reviewed and a new, more accurate adhesion testing
technique has been developed <72>. However, using adhesion test methods,
it is difficult to obtain "in-situ" results and it is the adhesion of a
paint whilst undergoing exposure to solutions or sprays, that may be of
interest in the testing of a particular paint. Alternatively, a
non-destructive test method may be required. Many electrical techniques
have been developed for examining the behaviour of bare metals in a
chosen test environment and some of these tests have been applied to

painted specimens, as described in the next sections.

1.7 Test methods based on direct current,

Péint testing methods based on direct current measurements enable
experiments to be performed on a test specimen, whilst it is undergoing
exposure to the test environment. Because of the "non-destructive" nature
of electrical tests, measurements can be carried out on the same panels
over a period of time, thereby avoiding the necessity of preparing and
testing a large number of panels. One popular technique, originally

developed for examining the corrosion of bare metal specimens, which has
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been utilised in the testing of paints, is that of polarising the
specimen to produce polarisation curves. A known current is applied to
the test system in small increments and the resulting change in the
voltage is measured. The experiment is usually performed at potentials
above and below the measured rest potential (Ecorr) of the specimen and a
graph of potential against log current plotted. From this plot, the Tafel
slopes (B) of the anodic and cathodic processes can be obtained. Under
ideal conditions, these plots may be extrapolated back to Ecorr, to give
icorr directly. Where such extrapolation is not possible, the values of
the Tafel slopes, together with the polarisation resistance (Rp) of the
system (the ratio of the applied current to potential, measured at steady
state), may be substituted into the Stern-Geary equation <73> to obtain

icorr;

where: i

CORR = corrosion current
Ba = anodic Tafel slope
icorr = Ba B¢ Be = cathodic Tafel slope
2.3(Ba+Bc) Rp Rp = polarisation resistance

However, the validity of using the results from polarisation curves
obtained from coated specimens, has been questioned, since it may be
difficult to obtain the true rest potential of a specimen before an
experiment is performed <T7U>. The polarisation of a specimen away from
its rest potential, may affect the future corrosion behaviour of that
test sample <75>, or it may alter the rest potential of the panel. Stern
and Geary themselves noted that their relationship holds only for a
freely cox;'roding specimen in the absence of resistance and concentration
polarisation effects and when the specimen is under activation control.

These conditions are not necessarily present under a paint coating and
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therefore, whilst theoretically, polarisation of the specimen is a useful
technique for obtaining data pertaining to the corrosion rate of the

specimen, it must be applied with care to coated samples.

Polarisation resistance is another commonly used technique for
examining the corrosion behaviour of painted metal. In this method, a
small perturbing voltage (say 10mV) is applied to an electrode and the
response of the specimen is monitored. The resistance value obtained from
the electrode, is known as the polarisation resistance (Rp) and is used
to calculate the corrosion rate of the specimen. The polarisation
resistance is a combination of the charge transfer resistance of the
metal, the film and solution resistances. This technique cannot always be
sucessfully applied to coated electrodes, since it requires steady state
conditions during the experiment and a constant rest potential. It is
affected by such factors as the resistance of the paint and the ohmic
drop and these must be taken into consideration when the results are
examined <74>. The uses and problems associated with this technique in

the context of coated specimens, has been recently reviewed <76>.

Other polarisation techniques, have involved the application of a
coating, exposure of the specimen to the chosen test conditions and the
subsequent removal of the coating prior to the polarisation experiments.
This method is designed to show whether certain paints chemically affect
the substrate <77>. Some workers have detected and measured electrolysis
currents present under paint films <78> and compared the corrosion rates
calculated from this data, with data from weight loss experiments. Others
have examined the resistance of the paint film itself and related these

values to the ionic permeability of the paint <79,80,81>.
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Reviews of the various d.c. techniques used to examine the corrosion
protection of steel by paint films <74,75>, agree that whilst in theory,
polarisation experiments provide valuable information as to the corrosion
rate of the substrate under a coating whether it is an organic coating
such as paints, or whether it is an inorganic coating such as concrete
<82>, it is generally advisable to perform only one experiment on each
specimen, since during the polarisation run, the potential of the metal
is polarised significantly away from the rest potential of the specimen
and this may affect the initiation of corrosion sites on the metal
surface, or, in extreme cases, may cause blistering of the paint <83>.
Because of these problems and the added complication that polarisation
methods give best results when the system is at a steady state, which
rarely happens, as corrosion is an active process, alternative techniques
of examining the corrosion behaviour of an actively corroding specimen
without altering the processes involved, have been sought. One method

which has proved to be useful in this respect, is that of a.c. impedance.

1.8 Test methods based on alterpnating current (a,c.),

1.8.1 Introduction to a.,c. impedance.

When an a.c. signal is applied to a painted electrode, the perturbing
voltage is low (often less than 50 mV r.m.s.) and therefore the system is
not significantly disturbed from its rest potential. Experimentally, this
is very important, since it allows measurements to be made on an actively
corroding specimen as the corrosion process occurs, without waiting for
steady-state conditions and without affecting the physical condition or

electrochemical behaviour of the specimen.
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A number of gifferent experimental apparatus and methods based on a.c.
impedance are available, but they have one problem in common, that of
understanding and interpreting the resulting data. It is often useful to
consider the data in terms of equivalent circuits, rather than treating
it mathematically. An equivalent circuit is built up from a number of
electrical components, such as resistors, capacitors and inductors,
combined in an appropriate sequence. If an alternating current is applied
to such a circuit, the resultant current will follow Ohm's law (V=IR),
providing that the term for the resistance (R) is replaced by one for the
reactance (X). The reactance of the components of an equivalent circuit

can be expressed as follows;

Xp = R where: X = reactance
R = resistance
X, = jwlL C = capacitance
L = inductance
Xe = 1 W = angular frequency
jwce J = /=

When the various components are combined in series or parallel or
both, the total impedance (Z) of the system may be calculated and
represented graphically in two ways. Firstly, in terms of its "real" or
resistive components (Z') and the "imaginary" or capacitive components
(Z*). Secondly, in terms of 121 , the vectorial sum of the real and
imaginary parts of the impedance and ©&, the phase angle, which is formed
between 1Z1 and the real axis, Z' (Polar format). Both these forms may be
represented on a Nyquist plot, on which the variation of the impedance
with frequency can be represented, each point on the plot being the
impedance of the experimental system at a particular frequency. An

example of each type of plot is shown overleaf.
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Figure 1.2 Real and Imaginary format.
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Figure 1.3 Polar format.

The impedance response of a corroding system can vary considerably
with experimental conditions and time and it is convenient to consider
changes which are taking place on the specimen, in terms of variations in
the equivalent circuits elements, values and combinations. In order to
design an equivalent circuit which behaves as an electrode, it is
important to understand the response of the circuit components, both
individually and in simple combinations, to an a.c. signal. Some examples

of circuits their Nyquist plots are shown overleaf;



22

z”

zl

Figure 1.4 Nyquist plot of a resistor.
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Figure 1.5 Nyquist plot of a capacitor.
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Figure 1.6 Nyquist plot of a resistor and capacitor in series.
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Figure 1.7 Nyquist plot of a resistor and capacitor in parallel.

s RO’ zl

Figure 1.8 Nyquist plot of a resistor and capacitor network.

The latter circuit is known as Randles equivalent c¢ircuit, after
Randles, who first proposed the idea of examining impedance data in this
way <84>., From this equivalent circuit, several useful pieces of

information may be obtained.

Rs is the ohmic resistance of the system. It includes the resistance
of the leads, the solution and any high impedance paths such as paint

films.
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C is the capacitance of the system, often that of the electrochemical
double layer on the metal surface, resulting from adsorbed ions and water
molecules. In some cases, this capacitance may be masked by the

capacitance of paint coatings on the electrode.

RO is the charge transfer resistance across the electrochemical double
layer of the electrode. It can be related to the corrosion rate of the
metal for an activation controlled system. In such cases, RO is
equivalent to Rp (the resistance which is measured using linear
polarisation techniques). By substituting R®& for Rp in the Stern-Geary

equation, the corrosion rate of the system may be determined <85,86>.

In practice, few experimental systems behave in the simple manner
described by the Randles equivalent circuit and the effects of diffusion
must 2also be taken into consideration. The Warburg diffusion effects,
have been described mathematically <87,88> and may also be represented in

terms of an equivalent circuit, as shown below;

Figure 1.9 Equivalent circuit and Nyquist plot showing Warburg diffusion.
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Coated electrodes often show great variation in the shape and size of
the Nyquist plots obtained and rarely conform to the idealised equivalent
circuits shown here, since there are many factors to consider when
examining underfilm corrosion. This can make the interpretation of the
impedance data very difficult in some instances and it is often
impossible to calculate all the different parameters from the plot (such
as RO, Capacitance etc.) with any degree of accuracy. In the cases shown
below, it is difficult to determine which are the true values of Rs and

RO, making an accurate calculation of the corrosion rate virtually

impossible.

LIy
-® -,

Figure 1.10 Asymmetrical impedance plot.

When this situation arises, it may be more meaningful to study general
trends in terms of the shape and size of the plot, in relation to the
observed corrosion behaviour of the specimen, rather than try to extract

numerical data from the impedance plots.
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1.8.2 Experimental use of the a.c. impedance technigue,

The impedance technique is often applied to an experimental system in
the hope of obtaining new information which cannot be obtained using any
other experimental method. Whilst information and a great quantity of
data are easily obtained wusing modern digital electronics, the
interpretation and understanding of the data, as well as its processing
into a useful format, are often difficult <89>. To overcome these
problems, much theoretical work into the relationships and derivations of
the various parameters measured by a.c. impedance has been carried out
and different graphical representations of such parameters have been
proposed <90,91>. Many experimental systems have been analysed <92> and
eqivalent circuits designed to match the impedance data obtained <93,94>,
as well as reports of the factors which can affect the analysis of
impedance measurements <95> and may contribute to inaccuracies and‘errors
in the results <96>. Early impedance experiments were carried out using
bridge balancing techniques, which had the advantage of giving accurate
data, but the disadvantages of being slow and difficult to operate and
having a limited frequency range. Nevertheless, the viability, usefulness
and promise of the impedance technique was demonstrated by Sluyters and
his co-workers both theoretically <97> and practically <98> as a means of
determining many useful parameters and obtaining much useful information
about an electrochemical system, from one experimental technique

<99, 100,101>.

The inherent flexibility of the impedance technique due to its ability
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to measure both high, 1low and changing impedances in experimental
systems, coupled with the speed of modern digital equipment, has made it
a useful research tool for many diverse areas of corrosion assessment and
investigation. These areas include studies of different inhibitors and‘
their actions <102>, corrosion of reinforcing bars in concrete <103>,
galvanic effects <104>, molten salts <105,106> and the behaviour of
copper alloys in a number of environments <107>. The impedance technique
has also been sucessfully applied to experiments utilising rotating disk
electrodes, in which measurements can be made of diffusion rates across
the electrochemical double layer <108,109>, to various aspects of
corrosion monitoring <110> and, of course, to painted electrodes. Much of
the reported work involving impedance studies of paint films, has been
concerned with the measurement of the specimens with time <111,112>,
surface pre-treatment <113>, the design of new electrode systems <114>
and the response of painted specimens to a variety of experimental

conditions <115,116,117,118>.
1.9 Rationale for present work,

In all the impedance experiments performed, it has been assumed that
the processes monitored by this technique, mirror the corrosion behaviour
occurring under the film and it was decided to investigate this
postulate. Several different experimental systems were considered. The
effects of temperature and a pinholes were examined for both attached and
detached films. The glass transition temperatures were located and the
impedance behaviour with time, coating thickness, substrate preparation

and the presence and absence of oxygen, were also investigated.
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Although much of the reported experimental work described earlier relates
the processes involved in corrosion, to the structure of the paint films,
little work has been carried out relating the data obtained from
impedance studies under polymer films, to the visual observations of the

corrosion of the specimens.

To this end, it was decided therefore, to study three coating types. A
non-convertible coating, a cross linked coating and a gel with a very
open structure and it was anticipated that these different coating types
would provide contrasting results. In order to study the effects of film
structure in more detail, two different acrylic type (convertible)
polymers and four different vinylite coatings (non-convertible) were
chosen for their differences in structure and composition from each
other. Again it was anticipated that any variations in the corrosion
behaviour of these polymers and in the impedance plots and other
experimental data obtained, could be related to the differences between
the polymers. Pigments and fillers were not included in any of the films,
in order to allow easier visual observations of the corrosion phenomena
which occurred under the films. It was also anticipated that any
differences in electrochemical data could be related to differences in

the structure of the films.
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The majority of the experiments reported here, were performed on
polymers cast onto mild steel panels, supplied by "Pyrene Chemical
Services Ltd.", to B.S. 1449 <119>. The panels, (15x10x0.12cm) were
supplied polished on one side and oiled. The o0il was removed by immersing
and wiping each panel in trichloroetheylene (Analar) followed by rinsing
in fresh trichloroethylene and dried in a stream of hot air. After
preparation, panels were stored in a desiccator over silica gel, prior to

coating.

For 1long term immersion experiments, two different methods of
substrate preparation were used. Firstly, "Pyrene" panels, prepared as
described previously and secondly, mild steel of the composition given
below. This steel was supplied with an adherent rust layer, which was

removed by pickling.

Element 4 Weight
C 0.1
Cr 0.03
Ni 0.05
Cu 0.02
Si 0.01

Table 2.1 Composition of the steel substrate.
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Test panels (7.7x7.7x0.3 cm) were cut from the steel sheet, scrubbed
in acetone and immersed in a beaker containing 1% Citric acid (Analar) in
de-ionised water. The beaker was placed in an ultrasonic bath for 15_
minutes, until the steel was clean and shiny. The panels were rinsed in
running tap water and in de-ionised water, then rinsed in acetone and
dried in a stream of hot air. Prepared panels were stored in a desiccator
before coating. Citric acid was chosen for the pickling agent because it
would not leave aggressive chloride ions on the freshly exposed steel
surface. Such ions would act as contaminants under a paint coating.
Polymers were cast onto both substrates in the(hope that any differences
in the long term corrosion behaviour between the two sets of panels,

could be at least partly attributed to the prepération of the substrate.

2.2 .Cholce of polymers,

The polymers chosen for experimentation are of the convertible and
non-convertible types. The convertible coating was supplied by the
industrial collaboraters, I.C.I. Ltd., Paints Division, Slough, and was
based upon acrylic type compounds. Initially, three different polymer
formulations were mixed and sprayed onto pickled "Pyrene" panels at
Paints Division and posted to Manchester after curing. After this initial
batch, it was decided that this method of specimen preparation was
unsatisfactory for several reasons. Firstly, panel preparation and
polymer application wou;d not necessarily be carried out by the same
person each time, which could result in differences in specimens.
Secondly, there was always a delay between panels curing and their
arrival in Manchester, which may affect the future corrosion behaviour of

the specimens. Thirdly, specimens were exposed to totally unknown
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conditions during the journey and extremes of temperature or rough
handling of the panels, could cause cracking or loss of adhesion of the
polymer. Consequently, new samples of the polymer itself were supplied by
Paints Division, ready for application, but with a new problem.The
polymer solvent also acted as a solvent for the laquer lining of the
paint cans, causing contamination of the polymer. This proglem was
quickly overcome by supplying the polymer mixtures in glass bottles. No
further problems were encountered, until the freshly stoved panels were
removed from the oven and a fine "rust haze" was visible over the surface
of each one. This was probably due to the inclusion of an acid catalyst
in the polymer mixture, since its removal resulted in the production of
two acrylic formulations, both of which producéd a good coating without

underfilm corrosion occuring during stoving.

The two acrylic polymers are quite different in composition and have
only two of their constituent compounds in common. The variation in these
constituents gives rise to differences in the structure of the polymer
coatings. Acrylic A was designed to have a more flexible backbone than
acrylic B. This is due to the nature of the compounds which are
co-polymerised together to form long chain molecules (the backbone).
Constituent groups may either be incorporated comple@ely into these
chains, or only a part of the molecule may be linked directly into the
backbone, the rest of the molecule acting as a "side group". These side
groups and certain parts of the polymer chains (for example -C=0 groups)
may hydrogen bond to each other, or the chains may be chemically cross
linked together, as with acrylics A and B. Overleaf, is a schematic
diagram of two theoretical backbones, showing 1large and small side

groups.
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Figure 2.1 Two theoretical polymer chains.

Chain X contains many large ring structures and has longer side groups
than chain Y. When several X chains are linked together, the bulky nature
of the side groups will restrict many movements of the backbone, thereby
producing a rigid structure. Molecule Y however, contains fewer rings and
has shorter side chains than molecule X. When several Y chains are cross
linked together, more chain twisting and flexing is possible, therefore
polymer Y should have an inherently more flexible structure than polymer
X. In the case of acrylics A and B, there are more styrene molecules
incorporated into polymer B and B also contains many more longer chain
side groups than polymer A. Acrylic B contains several butyl compounds
which are based on four carbon atom chains (e.g. -C-C-C-C-), whilst in
acrylic A, the constituent compounds are partly ethyl based (e.g. =C=C-).
The longer chain side groups and the presence of a greater number of
bulky styrene molecules in acrylic B, suggest that B is a less flexible
polymer than acrylic A, since the side groups on B will restrict the
degree of movement of the backbone. If the movement of the polymer

backbone plays some part in the corrosion process, then acrylics A and B
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should show different corrosion behaviour.

Both the acrylic polymers were cross linked by the same cross linking
agent, Cymel 301, share the same solvent, xylene and the same stoving
temperature, 152, leaving the only difference between A and B, that of

their composition and structure.

The convertible coatiﬁgs were of the vinylite type and the dry resin
(manufactured by Union Carbide Ltd.), was supplied by W. and J. Leigh
Ltd. Bolton. Union Carbide, claim <120> that the vinylites have good
chemical resistance, low water vapour permeation and absorption, good
toughness, flexibility and adhesion to clean metal substrates. Four
vinylite compounds were used, each of a different composition, based on
two or more of the following vinyl monomers. Unlike the acrylic polymers,
the vinylite constituents are very similar and are all based on the vinyl

linkage -C=C-.

H H H H
| | | |
C==C C=¢C
I | | |
H CI H OH
Viny! Viny!
Chioride Alcohol
H H H H
| | | |
C==C cC=¢C
| l. | |
H C=0 O==C C=0
| | |
CL\ OH OH
Vinyl CH3
Acetate Maleic
Acid

Figure 2.2 Four vinyl monomers.
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It was expected that the structure of these polymers would be very
similar in terms of the flexibility of the backbone, the major
differences being the side groups attached to the backbone. Where the
side groups are capable of hydrogen bonding, a "ecross 1linked" type
structure may result due to the interaction of side groups with each
other and with the backbone itself. The degree of this association, will
be related to the distribution of groups capable of hydrogen bonding,
along the polymer chains. If the degree of inter and intra chain bonding
is different for the different polymers, variations in their corrosion
behaviour may occur. The vinylite and acrylic polymers produced
transparent films when cured and no pigments were added to the polymers,
s0 that the corrosion behaviour on the panels could be easily observed

and related to electrochemical data obtained during testing.

2.3 Polymer preparation.

Acrylic polymers of the compositions given in the table overleaf, were
supplied by I.C.I. ready for use. Where necessary, the polymers were
thinned to a suitable viscosity with the recommended solvent, xylene,

prior to casting.
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Compound { A 1 B
Styrene 30 h2.5
Methyl methacrylate 15 -
Butyl methacrylate 17 21.25
Hydroxy ethyl methacrylate] - 14
Hydroxy ethyl acrylate 15 -

2 Ethyl hexyl acrylate 20 -
Butyl acrylate - 21.25
Methacrylic acid 3 -
Acrylic acid - 1

Table 2.2 Acrylic polymer composition.

Vinylite polymers of the composition given below were made up using

two different solvent mixes.

% Vo % Vac | % maleic| % Vou
acid
.~ VYHH 86 14 - -
VMCH 86 13 1 -
VAGH 91 3 - 6
VROH 80 - - 20

Table 2.3 Vinylite polymer composition.

The initial solvent mixture (1) was as found in the literature <37>.
However, it was noted that as the coating dried, the polymer surface
often formed a six sided cell 1like structure, known as Bénard cells
<121>. This structure is thought to be caused by solvent evaporation from

film surfaces, leaving a differential viscosity between upper and lower
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layers of the film. This leads to convection occuring within the film and
the production of the "cell like" appearance of the dry film.This problem
was overcome by omitting the methyl ethyl ketone (the highest boiling

point solvent) from the mixture and using solvent mix (2).

Solvent % vol (1) | § vol (2)
Methyl ethyl ketone 0 -
Methyl isobutyl ketone 4o 50
Xylene 20 50

Table 2.4 Vinylite solvent mixtures.

Vinylite resin was stirred into the solvent slowly, to make a 40% w/v
solution. Stirring was continued until a hoﬁogeneous polymer solution was
obtained., It was then stored in dark glass bottles in a cupboard, to
allow air bubbles to be released from the mixture, as their incorporation

into a cast film would result in a defective dry film.

2.4 Polymer application and curing,

The acrylic and vinylite polymers were applied to prepared panels by
spinning. This method produces a good coating of even thickness over the
panel, which may be varied by altering the spinning time, a longer spin
producing a thinner eoat;ng. The panel was mounted in the spinner (Sheen
spinner, Sheen Instruments Ltd.), polymer solution poured onto the panel
and spun for an appropriate length of time. Vinylite coatings were placed
in a ventilated dust free drying chamber at 56b for fourteen days, or

until the smell of solvent had disappeared from the panel. Acrylic panels
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were stoved at 152C for two hours. After curing, all panels were placed

in a desiccator.

Polymers were also applied to glass panels and microscope slides,
which had been washed in detergent and water and rinsed in running tap
water and de-ionised water and then in acetone, before being dried in a
stream of hot air. After appropriate curing, the plates and slides were
soaked in de-ionised water to allow the easy removal of the films, which
were used in detached film experiments, infra-red spectroscopy and for

glass transition temperature analysis.

2.5 Dry film thickness measurement,

The thickness of the dry, cured films was measured to 2% accuracy
using an‘Elcometer; Zero film thickness is set by placing the probe on an
uncoated substrate. The change in the magnetic flux of the circuit caused
by the inclusion of the paint film, is related to the film thickness,
which is read off a gauge. A number of measurements were taken over each

panel and an average value calculated.

2.6 Masking of specimens.

Cured coatings on "Pyrene" panels, were guillotined in half and a
plastic coated multistranded copper wire soldered onto one end of each
half panel. A steel block of known size and wrapped in "Teflon" tape, was
placed in the centre of the coated side of a panel.The block was held in
place by two wires wrapped around the panel and the panel was dipped into

the masking medium; a 3:1 mixture of beeswax and colophony resin. This
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showed any evidence of corrosion.
2.7 Experimental solution,

The solution chosen for all the experiments was 3% sodiun chloride in
de-ionised water, which is a common test solution. Since it contains only
Néfand Ci_ions, it represents a simple though aggressive test solution.
The solution was aerated and filtered to restrict the build up of 4iron
compounds during long term testing. The temperature of the solution
during the experiments was thermostatically held at 25C unless otherwise

stated.

2.8 Cholce of reference electrodes.

Two types of reference electrode were employed. Silver-silver chloride
(Ag/AgCl) reference electrodes require no maintainance and have a
potential about the same as a saturated calomel electrode (S.C.E.) The
Ag/AgCl electrode remained immersed in the test solution during timed

immersion tests. An S.C.E. was used during short term experiments.
2.9 Film characterisation technigues,
Antroduction.

Polymer films were characterised in terms of both the groups present
in the cured films, their glass transition temperatures and the behaviour
of detached films, in order to provide a basis for comparison of the

different polymers, when each was exposed to a variety of experimental
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conditions. By comparing the responses of the polymers to the different
environments, it wmay be possible to relate differences in corrosion

behaviour of the polymers, to differences in the structures of the films.

2+9.1 Infra~-red spectroscopyv.

Thin films of each of the polymers were cast onto clean microscope
slides, cured and soaked off in de-ionised water as previously described.
Films were dried in a desiccator prior to testing, since initial
experiments showed that water absorbed infra-red strongly over a wide
band, masking any absorbtion by the polymer. Dry films were mounted in
holders and placed in the spectrophotometer (Pye Unicam 1100 Infra-red
spectraphotometer). The machine automatically scans over all the
wavenumbers between 400 and U4000cm™ and traces the results onto
pre-calibrated chart paper. The wavenumbers at which absorbtion peaks are
visible, can be compared with published data <122,123> and from these,
the group or bond responsible for the peak may be elucidated. Infra-red
spectroscopy operates on the principle that certain bonds and groups on
polymer chains absorb infra-red light at a particular wavelength and it
was hoped that this technique would provide information on constituent

groups, cross linkages and bond formation and types, within each polymer.

As mentioned earlier, infra-red spectroscopy provided useful
information as to the dryness of a film, but other problems became
apparent. The cast films which produced the traces with the greatest peak
definition were very thin (10-15um). Thicker films absorbed infra-red
light over a wider waveband and, as with the inclusion of water in the

film, this led to a broadening of the absorbtion peaks and a loss of
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definition. The presence of some solvents, where retained in the film,
could also be detected using this technique. When the solvent contained
infra-red absorbing groups different fron those in the polymer, these too
would be visible on the trace, with the group or bond identifiable from
published data. Thus by comparison with the structure of the solvent
molecules, the trapped solvent may be identified. However, when the
solvent's constituent groups are identical with those on the polymer, the
presence of the retained solvent cannot be observed, as it will be masked

by absorbtion of the polymer.

Whilst infra-red spectroscopy does provide useful information on the
types of groups and bonds present in a polymer, there is no indication as
to their order on the polymer backbone, or the relationship of one group

to another.
2:9.2 Glass transition temperature measurements,

The glass transition temperature (Tg) of a polymer, is the temperature
at which the polymer undergoes a change from the "glaasy"” ¢to the
"rubbery" state and this temperature may be measured using many methods.
The Tg of the polymers used in these experiments, were measured using two
different techniques. Firstly, by a microindentation method, carried out
at I.C.I. (Slough), on the polymers cast onto aluminium and secondly,
using a Differential Thermal Analysis (D.T.A.) method, in the Department
of Polymers and Fibres, U.M.I.S.T. The D.T.A. technique was performed on
both dry, as received, vinylite resins and on dry, detached vinyl and

acrylic films.
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The microindentation apparatus operates on the principle of penetration
of a ball ended needle, which is under a constant load, into the polymer
film, as a function of time and temperature. A specimen of the polymer,
on an aluminium substrate, was fixed into the machine and allowed to
equilibrate at the temperature chosen. The ball ended needle was mounted
on the end of a beam and was allowed to rest lightly on the specimen
surface. A recorder was switched on and a suitable weight lowered onto
the beam, which pushes the needle into the polymer. When equilibrium was
reached, the load was removed from the beam and the specimen allowed to
"recover". The shape of the curve (as plotted on a "penetration depth"
against "time" curve), is an indication of the rheological state of the
film. By repeating this proceedure over a range of temperatures, the
transition temperature between the "glassy" and the "“rubbery" states of

the polymer can be determined <124>.

Differential thermal analysis, (D.T.A.) was carried out using both dry
resins and cured, detached films , on a Du Pont 900 Differential Thermal
Analyzer. This technique is used in the study of the thermal behaviour of
polymers as they undergo physical and chemical changes with temperature.
The response of the polymer is monitored against an 1inert reference

material, which does not undergo any changes over the temperature range

studied.
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Sample (A)

Reference (B) ¢<I +

Figure 2.3 D.T.A. thermocouple arrangement.

Thermocouple A is placed in the sample to be'analyzed and thermocouple
B in the reference material, in this case, glass beads. Both sample and
reference are exposed to the same conditions in the test chamber. When
the temperature of both sample and reference is the same, the
thermocouples produce identical voltages and the net voltage output }s
zero. When the temperatures of A and B differ, the difference in the net
voltage reflects the difference in temperature between the sample and
reference materials. This AT may be positive or negative, depending upon
the processes occurring in the sample and by plotting AT against time,
the shape of the resulting thermogram will provide information on the
behaviour of the sample, such as, solvent 1loss, glass transition,
melting, etec. <125>. The D.T.A. technique suffers from two problems.
Firstly, if the thermal.capacity of the reference and sample materials
are markedly different, erroneous differences will be recorded between
them. Secondly, polymer films are poor heat conductors and if several
layers of cured film are used to produce the sample, there may be a delay

between, for example, the glass transition of the outer pieces and that
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of inner pieces of film, again causing confusing thermograms to be

produced.

The indentation technique avoids both these problems, but suffers
drawbacks of its own. The substrate used is aluminium and it is possible
that the bonding of the polymer to aluminium may not be the same as to
mild steel, giving a difference in response. Secondly, the thickness of
the film may affect the depth of penetration of the needle and,

therefore, the time to recovery of the deformed film.

None of these problems with either technique is of a serious nature,
providing care is taken during sample preparation, to ensure that each
film is of the same thickness and that only one thick piece of film is
used in D.T.A. analysis. However, one major problem, common to both
methods, is that of the effect of retained solvent. When a film cures,
especially if by solvent evaporation, some of the solvent may not be able
to escape from the bulk film before the surface layers become cured, thus
trapping solvent in the film. This retained solvent, has the effect of
plasticising the polymer, which causes a decrease in the measured glass
transition temperature, as the film appears to be in the "rubbery" state.
Trapped solvent may be released from the film by heating to a temperature
greater than that of the boiling point of the solvent and the glass
transition temperature of the film. This will provide a more accurate
measurement of the Tg of the film, although care must be taken not to
heat the sampie to a temperature where decomposition of the polymer can

occur.
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Calomel reference and platinum auxiliary electrodes were introduced,
prior to impedance measurements being carried out. The potential of the
working electrode was measured against a Calomel reference electrode
using a Keighly 610C Electrometer and was potentiostatically held at the
measured potential during the impedance run. The following three
electrode arrangement was used, the potential being controlled using a
potentiostat (Thompson ministat 251). Where several impedance
measurements were made in succession, the potential of the panel was

re-measured between each run.

Potentiostat

CR L
Count %
Resistor

T___J——_:JE Cell

Y WE RE

: =

D

TFA

Figure 2.4 Three electrode wiring arrangement.

The Frequency Response Analyzer (Schlumberger, Solartron 1172
Frequency Response Analyzer) produces a sinusoidal wave of known
frequency and amplitude, which is imposed on the experimental system. The

resulting response is measured by the F.R.A. as Y/X and transferred via a
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Data Transfer Unit (Schlumberger, Solartron DTU 3217), in "real" and
"imaginary" format, to paper tape. The tape is fed into a microcomputer

(Hewlett Packard HPBS5) for subsequent analysis.

Impedance measurements were performed on detached films over a period
of time from immersion. After some time, a pinhole was deliberately
created in each film by pushing the point of a large pin through the
film, leaving a hole approximately 1mm. Impedance measurements were
carried out over a period of time after the pinhole was created. The
effect of the solution temperature on intact films was also considered.
The apparatus was placed in a water bath containing de-ionised water and
the temperature of the bath was raised in small increments, until the
chosen temperature was reached in the glass arms. An impedance run was
then performed and the cycle repeated, from ambient temperature to 65t,

just above the upper glass transition temperatures of the vinylites.

2.9.4 Agar,

After some time, it was noticed that the pinholes in the films
contained a red/orange gel-like structure (presumably composed of iron
compounds) and that several of the impedance parameters were also
different from the earlier results. In order to study these changes
further, an agar gel was used to create a giant "pinhole equivalent" over
the surface of a specimen, in an attempt to simulate the conditions

observed within the pinhole.

Agar agar (DIFCO), was mixed up in the ratio 1:10 with boiling

de-ionised water and "cooked" for fifteen minutes to produce a gel. The
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mixture was allowed to cool for a few minutes, to allow the release of
air bubbles, before being poured into the wax trough of pre-masked
"Pyrene" panels. When set, the panels were immersed in 3% sodium chloride

solution and impedance runs carried out at regular intervals.

Agar is a colloid, obtained from the cell walls of the seaweed
Gelidium and is an ester of the polysaccharide D-galactopyranose, whose

structure is shown below <126>.

CHa0H CH,O0H H
H20 o H20 o '\ H 0
H H
H  ON o
H
H , H H HEH
Po Y { ° Y 2
i H oH H oM H H _

Figure 2.5 Structure of agar.

N

It is capable of absorbing up to twenty times its own weight of water
<126> and in simple experiments, where agar was poured onto steel panels,
left to set and then immersed in salt solution, it was found that the gel
was also capable of absorbing orange iron compounds into itself. This is
likely to be due to the "open" un-crosslinked, but probably hydrogen

bonded nature of the polysaccharide chains.



49

2.10.1 Measurement of drv film capacitance,

The capacitance of several dry, prepared specimens, prior to
immersion, was measured using the following technique. Mercury was poured
into the wax trough created during the masking of the specimen. A
Platinum counter electrode was dipped into the mercury and an impedance

run carried out. A "two electrode" wiring circuit was used, as shown;

Resistor

Cell

A

.||..

Figure 2.6 Two electrode wiring arrangement.

As with the three electrode measurements, the count resistor was
chosen to have a value similar to that of the experimental cell. After

measurements had been made, the mercury was carefully returned to its
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container and the panel inverted and tapped gently, to ensure that all
the mercury was removed, thus avoiding solution contamination. Specimens

were then immersed in the 3% sodium chloride test solution.

£.10,2 Pregence and absence of oxveen.

The test solution, 3% sodium chloride, was poured into reaction
vessels and oxygen-free nitrogen (B.0.C.) was bubbled into the solution
for forty-eight hours, to purge as much oxygen from the solution as
possible. The masked halves of a coated "Pyrene" panel were immersed, one
in the deaerated salt solution and the other in aerated solution.
Impedance measurements were carried out regularly over a period of time
from immersion. The visual appearance of the panels in the solutions was
noted and photographed to show the differences in corrosion behaviour

between the specimens.

2:10,3 The effect of temperature,

In these experiments, the temperature of the solution in which the
test panel was immersed, was altered. The detached films showed little
change at the higher glass transition temperature and no change at the
lower Tg. These experiments were performed to see whether attached films

behaved any differently at the lower Tg, than the detached films.

A vinylite specimen (VMCH) was immersed in 3% sodium chloride solution
at room temperature and an impedance run carried out. The temperature of
the solution was raised in small increments, using a thermostatically

controlled glass covered immersion heater. (The glass covering avoids
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possible contamination from the heating element.) After allowing the
panel a few minutes to equilibrate at the new temperature, impedance

measurements were made and the cycle repeated.

The converse experiment, where the solution was initially heated to
above the lower Tg of the vinylite specimen, prior to initial immersion,
was also performed. In this instance, impedance measurements were carried
out over a period of hours, as the solution cooled down to ambient
temperature. These temperature changing experiments, from below to above
the Tg, or vice versa, were carried out at regular intervals from the
initial immersion of the specimens, in order to show whether the length
of time a specimen had been immersed, affected its impedance response at

or above the glass transition temperature.

2.10,4 Effect of a pin hole,

In order to simulate damage to a coated specimen and to compare the
response of attached and detached films to a pin hole, impedance
measurements were carried out prior to and immediately after, the
production of a 1mm diameter pin hole on an acrylic B panel. Further

impedance measurements were made with time.

2.10.5 Effects of substrate preparation and coating thickness.

In this series of experiments, two different methods of substrate
preparation, namely, citric acid pickling and degreasing '"Pyrene" panels,
were used. Multilayer coatings were applied, as described earlier and the

specimens were exposed to 3% sodium chloride solution. Both acrylic and
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vinylite specimens were examined and the substrate preparation and

coating thickness are indicated in the results section.

2.10.6 Changes in the measured rest potential with time,

The rest potential of the immersed specimens, was monitored with time,
against either a Calomel, or a silver/silver chloride reference
electrode. It was thought that there may be some relationship between the
rest potential of a specimen and its impedance behaviour. It was also
possible that changes in the rest potential may be indicative of a

corrosion or other process occurring on the specimen.
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The infra-red traces obtained from each of the polymers, which are
shown on the following pages, (figures 3.1-3.7), can be seen to have
several peaks in common. The vinylites in particular, show great
similarity to each other. The acrylic films are Jless similar, but
markedly different from the traces from the vinyl based polymers. The
infra-red absorption of many bonds and groups has been well characterised
and it is possible to compare absorption peaks on the charts, with the
published data. The table below summarises some of the absorbing groups

#

and bonds, together with the wavenumber at their absorption peak.

Wave number Bond or group absorbing I.R.
( em=1)
600-650 -C=C- , aromatics
700 aromatics.
825 -C=C-
950 -C-0- , aldehydes, vinyl.
1025 -OH
1100 -C-0- , esters, ethers.
1375 aldehydes, -COaH
1450 vinyls, alkanes.
1700-1750 -COaH , esters.
2900-3000 . -COgH , H-Cl
3500-3600 -OH , -C C-H , -NH

Table 3.1 Infra-red data.
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Figure 3.7 Infra-—-red absorption trace for Acrylic B.
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From the table, it can be seen that groups such as -CO,H, absorb
infra-red light over a broad waveband’, whilst others such as -C=C- absorb
infra-red at several different and discrete wave numbers. The absorption
at a particular wave number may, therefore, be due to any one, or to a
combination of groups or bonds. In some cases, it is difficult to relate
the absorption peaks on the graph directly to the group or bond
responsible, however, by comparison of the possible groups with the
polymer constituents, it may be possible to assume the occurrence of
cross linking in some instances. Where a group is present as a polymer
constituent and has a characteristic absorption wave number, if this peak
does not appear in the trace from the cured film, it may be assumed that
cross linking between this group and another part of the polymer chain

has taken place.

There 1is, unfortunately, no information available using this
technique, concerning the sequence of the side groups on the backbone of
the polymer, or on their relative distribution. However, providing that
all the films being examined by this method are of the same thickness, it
is possible to relate the height of the absorption peaks to the relative
quantities of absorbing groups in the film, bearing in mind that some

groups and bonds absorb infra-red more strongly than others.

In the case of the four vinylite polymers, it is noted that the graphs
obtained are very similar, each posessing absorption peaks corresponding
to such groups and bonds as; -CO H; vinyl; esters; aldehydes; -CO; etc.

The presence of a small quantity of an aromatic group is also observed
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and this is probably due to the retention of a tiny amount of xylene (a
strong infra-red absorber) in the films. Perhaps the most noticeable
difference between the vinylite films, is the presence of a strong
absorption peak at a wavenumber of aﬁout 3500 cﬁd, by VROH and VAGH. This
absorption can be directly attributable to the presence of -0OH groups in
these polymers, since both the peak and the group are absent from VYHH

and VMCH.

In contrast to the vinylites, the acrylic polymers contain a larger
number of more complex constituents and although each each acrylic
contains different compounds, the infra-red traces are very similar. This
is probably due to the fact that the polymer constituents contain many of
the same infra-red absorbing groups. Each contains styrene which absorbs
in the aromatic regions, about 7000&4 . The presence of ester linkages,
-CO groups etc. could all originate from most of the original ocompounds
in the polymeys, or arise during stoving, as the polymers cross link and
cure. The broad absorption bands in the 1000-1800::!::“l region, are likely
to be caused by a large number of strong infra-red absorbing acrylate
groups, since both acrylic polymers contain a number of acrylate
compounds. Although these groups differ in =size and in the exact
composition of each acrylate compound, they all absord infra-red in the
same region, thereby making elucidation of particular groups in the

polymers, impossible.
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3.2 Glass transjtion temperature.

The glass transition temperatures (Tg) of the polymers was measured
using two different techniques on both dry resin and cast films. The
microindentation method was used on polymers cast onto aluminium sheet
and the differential thermal analysis technique on dry resins and
detached films. Both methods monitor the change in elasticity of the
polymer which occurs at its Tg, the D.T.A. method by measuring the change
in the heat capacity of the polymer, relative to that of glass beads. The
indentation method, by the 1length of time between indentation and
recovery of the film. The result of the two techniques are summarised in
the table below and the graphs from which they are taken, are shown in

Appendix 1.

VYHH VAGH VROH VMCH Acrylic A Acrylic B
Tg (°C) 29 29 34 29 - -
Dry Resin 67 64 64 64 - -
Detached - 27 - 28 - -
Film 60 - 54 54 43 33
Cast Film 30 30 39 30 43 34

Table 3.2 Tg's of the polymers.

From the table, it can be seen that the glass transition temperatures
of the acrylic films are the same for both techniques, each polymer
having only one Tg. The vinylites show the presence of two Tg's each and

the presence of varying amounts of retained solvent. These features are
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shown schematically in the diagram;

AT

&

Figure 3.8 Schematic D.T.A. trace.

A tangent was drawn between the original baseline and the slope of the
curve, as shown, the point of intersection being the glass transition
temperature. ﬁhere the slope of the line changes, it is difficult to
pinpoint the exact Tg accurately and several runs may be necessary if a
precise Tg is required. Retained solvent in the film can be detected by a
depression on the trace, followed by a return to the previous baseline,
as shown in figure 3.8. When the same samples were re-run through the
D.T.A. process, the second trace showed a higher Tg than the first, with
no depression, as the trapped solvent had been removed. The increase in
the measured Tg was caused by the loss of solvent from the polymer, which

had a plasticising (Tg lowering) effect on the film.

The Tg of the vinylite polymers was measured three times, once as

films cast on aluminium, by the indentation technique and twice by D.T.A.
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as dry resins and detached films. Unlike the acrylic films, which show
only one glass transition each and little or no retained solvent, the
vinylites show two transitions in the dry resin state, with a small
amount of retained solvent. Whilst 4in the cast state, microindentation
shows the presence of the lower transition only. Using the D.T.A. method,
the lower Tg of all the vinylites is very small, with a much larger
transition around 65C in the dry resin. When measured as dry films, the
presence of retained solvent in the film was readily apparent. When
several of these films were re-run, the measured Tg increased by up to

15C. (The numbers quoted in the table, are the "first run" values.)

Although it was noted that the vinylite films contained retained
solvent and therefore had a lowered Tg, it was decided to continue
specimen preparation as before, that is casting the films and leaving
them until the smell of solvent had disappeared. Since this is the curing
method used "on-site", the corrosion behaviour of the polymers observed
in the expefiments reported here, may be related to any subsequent

studies of these polymers under "natural weathering" conditions.

3.3 Detached films,

3.3.1 Analysis of impedance data,

After each impedance experiment was performed, the resulting data was
produced in the form of punched paper tape. The information on this tape
was loaded into the computer (HP85) and was stored on magnetic tape for
future analysis or referral. The computer program generates several plots

from the impedance data and details of this program have been given
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elsewhere <107>.

The most commonly used plot, is the Nyquist plot. THis is a plot of
the "imaginary" or capacitive part of the impedance (Z"), against the
"real" or resistive part of the impedance (Z'). Each point on the curve,
represents a measurement made at a particular frequency. From this plot,
the value of the solution resistance (Rs), the charge transfer resistance
(RO) or the polymer film resistance etc. may be obtained, together with
information about diffusion processes occurring in the system. Such
processes may be followed by studying the shape of the impedance plot.

For example;

/

zll (-]

~o ° diffusion
N\ eftects

- >
-—Rg—> Re >
zl

Figure 3.9 Schematic impedance plot.

On a coated specimen, the effects of the charge transfer resistance
may not be seen. In this case, the effects of the polymer film will
instead be observed and the capacitance values will relate to those of

the film.

A second useful plot, is that of the imaginary part of the admittance

(Y") against the angular frequency (w). The slope of the plot is that of



67

the capacitance of the semicircle on the Nyquist plot. The numerical
value of the capacitance provides information about the process under
examination. For example, polymer films typically exhibit a capacitance
measured in pF/cm; the electrochemical double layer in pF/cm and so on.
Therefore, if more than one semicircle is observed on the Nyquist plot,
it is possible to determine which is due to the polymer, for example and

which is due to other processes.

3.3.2 Detached film results.

The impedance response of detached vinylite films was measured under
several different experimental conditions. Firstly, the effect of time of
immersion was studied using two films, VROH and VMCH, with 3% sodium
chloride solution in each arm of the apparatus. Measurements were made at
regular intervals over a period of time and the results are summarised in
the following tables. The impedgnce response of VYHH over a short period
of time is also presented. Following the table which summarises all the
data concerning a particular specimen, are several of the more
interesting impedance plots. The remainder of the plots from each
experiment, have been located in the appendices at the end of this

thesis.

The results indicate a difference in impedance behaviour between VROH
and the other films, although all three polymers showed changes in the'
measured values of Rs, capacitance and specimen rest potential, with

time.
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Time Rs Rse Capacitance| Nyquist Plot Potential
nem”  |acm® em™ mV vs. S.C.E.
30min TEH - 3nF ' l’ -410
2hrs TEY - 3nF l{ -540
1days | TEY - 3.1nF k -630
2days TEY - 3.1nF I! -660
Table 3.3 VYHH, intact, detached film.
A
zn
ncm2
x 1 i
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4

Z nAcm2x i07

Figure 3.10 VYHH, detached film, 0-2 days immersion.
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Time Rs Rsc Capacitance| Nyquist Plot Potential
acm™ |a~cm® em™ mV vs. S.C.E.
0 TEH - 3nF f 420
15min TEY - 2.8nF f -460
1-20hrs| TE4 - 2.8nF { =460
8days 3E4 - 16.2nF f ~-740
19days 1.3E6 - 312pF // =725
28days 1.1E6] - 360pF I{ -630
40days 3EY - 13.1nF I{ -640
Table 3.4 VMCH, intact, detached film.
Iy
zV 1k
nem
x 108
' 1 1 ey
cc» 1 2 -

zl

nem2 x 108

Figure 3.11 VMCH, detached film, 0-40 days immersion.
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Time Rs Rsc Capacitance| Nyquist Plot Potential
acm*  |acm? em™ mV vs. S.C.E.
0 2.3E4]| 3.5ES 14 . 4nF : -300
Smin 2.3E4} 2.4ES 14.6nF ::: -400
10min 2.3E4} 1.9E5 14 . TnF :::: =425
1hr 2.3E4} 1.8E5 14 .7nF : =480
5days 4 . 5E4] 3.2E5 14.TnF :::: -620
12days | 2.4E4| 2.0E5 13.8nF ::::: =620
Table 3.5 VROH, intact, detached film.
4
2t
z”
nem2
110‘
1 -
0 : ; é 3 >

Z ncm2y 104

Figure 3.12 VROH, detached film, 0-12 days immersion.
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After a period of time, a pinhole was made in each film by pushing a
pin through the film. Again, the impedance response of the film was
monitored with time. The results from these experiments are shown in the
following tables and it can be observed that Rs (the solution resistance)
decreases by several orders of magnitude when the pinhole is made in the
film.The shape of the impedance plot also changes, from a "capacitive"
type plot, to one typical of diffusion effects, with a corresponding
change in the capacitance values. All the polymer films show an increase

in Rs after a period of immersion.

Time Rs Rse Capacitance| Nyquist Plot Potential
acm® |laom® em™? mV vs. S.C.E.
Smin 1.2E4 | - 11.TpF i -230
1Smin 1.3E4 | - 35.6pF ::E ~560
30min | 1.2E4| - 28.0pF : =640
Tdays 15.5 300 0.38nF :::: -740
18days 2.5 10 2.0mF ::: =550
30days 1.3 8. SE% 0.9mF : -620
43days 2.0| 9.0E4 1.5mF / -620

Table 3.6 VYHH, detached film with pinhole.
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Figure 3.13 VYHH, S5 minutes after pinhole.
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Figure 3.14 VYHH, 7 days after pinhole.
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Time Rs Rsc Capacitance | Nyquist Plot Potential
nem?2  [ncm?2 cm-2 mV vs. S.C.E.
0 39 - 1.1mF ' i -640
2min 36 - 1.1mF i -640
5min 24 - 1.3mF f -640
10min 23.6 - 1.U4mF i -640
30min 23.6 - 1.5mF : -640
thr 23.4 - 1.2mF i -640
1day 24 .1 - 0.8mF i -645
3days 26 - 2.1mF i =520
9days 29 - 0 : 93mF l/ -620

Table 3.7 VMCH, detached film with pinhole.



z"
n cm2
x 10‘.)

A

7

v

5

2 Acm?2x10

-
(=]

(4]

Figure 3.15 VMCH, detached film, 0-9 days after pinhole.

Time Rs Rsc Capacitance | Nyquist Plot Potential
ncm?2 | ncm?2 cm-2 mV vs. S.C.E.

0 5 - 25pF f =585
2min 5 - 24 .6pF f -585
Smin 5 - 2L . 8pF f =585
10min | 5 - 25pF { -590
30min | 5 - 25.2pF { =590
1hr 5 - 25pF f -590
1day 5.3 - 30.9puF f =580
3days 4.5 - 31.7pF { -630
9days TEY 3.2nF { -580

Table 3.8 VROH, intact detached film.
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Figure 3.16 VROH, detached film, 0-9 days after pinhole.

In a third series of experiments, intact films were mounted in QVF
fittings and placed in a water, bath., The temperature of the bath was
raised and impedance measurements carried out at each new temperature.
The solution temperature in the QVF arms was measured, and the water bath
heated in sucessive increments, until the salt solution temperature was
above that of the Tg of the polymer. The results of these experiments are
summarised, as before. Little change was observed in the impedance plot
parameters with temperature, until the upper Tg of the polymers was
reached, when there was an increase in both the measured rest potential

and in the capacitance values of the films.
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Temp Rs Rse Capacitance | Nyquist Plot Potential
K nem? em?2 cm™2 mV vs. S.C.E.
25 1.9E5| - T70pF k -650
28 1.9E5| - 780pF b -650
30 1.985| - 780pF h -650
32 1.9E5| - 780pF b -650
35 1.9&5 - 820pF b -650
4o 1.9E5| - 780pF h -650
4s 1.985| - 780pF ﬂ -650
50 1.9E5 | - T790pF k -645
55 1.9E5| - 780pF u -645
)
60 1.9E5| - 830pF b -620
63 1.9E5| - 830pF b -620
65 1.985| - 810pF b -620

Table 3.9 VMCH, detached film, effect of temperature.
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Figure 3.17 VMCH, 25-65T.
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Temp Rs Rsc Capacitance | Nyquist Plot Potential
c ncm2  fnom? cm™2 mV vs. S.C.E.
22 2.2E5 - 670pF h -610
28 2.2E5 - 660pF ' k -610
30 2.2E5 - 680pF h -610
32 2.2E5| - 680pF h -610
35 2.2E5 | = 660pF k -610
40 2.2E5 | - 670pF k -610
45 2.2E5 - 660pF h -610
50 2.2E5| - 660pF v -610
55 2.2E5 | - 660pF I/ -630
60 2E5 - 840pF v -650
65 2E5 - T790pF ll =650

Table 3.10 VROH, detached film, effect of temperature.
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Figure 3.18 VROH, detached film, 22-65C.
3.4 Agar,

i

It was observed that the pinhole produced in a detached film, became
filled with a porous gel-like substance, which was thought to be composed
of iron compounds and water. Experiments in which agar gel was placed on
steel sheets and immersed in a beaker of salt solution, showed that the
agar was capable of absorbing Fe compounds into itself. Specimens were
made up by pouring agar solution into the wax troughs of pre-masked
specimens. After immersion, impedance measurements were carried out over
a period of time and the results are summarised in the following tables.
It is noted that the solution resistance falls quickly at first and then
more slowly with time. This is thought to be due to the ingress of water,
sodium and chloride ions into the gel from the sblution side and by iron

ions from the substrate side.
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Time Rs Rse Capacitance ] Nyquist Plot Potential
acm?2  [nem? cm-2 mV vs. S.C.E.

0 335 - 1.94pF { -370
S5min 265 - 2.76pé { -370
10min 220 - 2.9uF f -370
15min | 190 - 2.82pF f -370
30min 154 - 3.37pF ( -360
45min 142 - 3.73pF |f -390
hr 136 - 4. 12pF { -390
1.5hrs | 130 - 4.4pF f -320
2hrs 132 - 4.53uF f -320
2.5hrs | 128 - 4:96pF f -320
3hrs 126 - 5.02pF f -330
4hrs 120 - 6.06pF { -370
19hrs 114 - T.17pF i -580
T7days 105 - 7.21pF f =470
22days 102 - 7.24pF If =370
36days | 110 - 7.28pF l{ -650
63days 120 - 7. 4TpF I! -320

Table 3.11 Agar 1, impedance response with time.
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Figure 3.19 Agar 1, 0-63 days immersion.
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Time Rs Rsc Capacitance | Nyquist Plot Potential
ncm2 | ncm2 cm—2 mV vs. S.C.E.
0 250 - 5.4pF { -380
Smin 205 - 7.8pF' { -380
10min 178 - 7.8pF f -380
15min 158 - 8.6pF f -380
30min 135 - 3.8uF f -360
45min 133 - 9.5uF { -360
1hr 128 - 7.1pF ! -360
1.5hrs | 128 - 7.1pF lf -360
2hrs 127 - 7.5pF f -360
3hrs 125 - 12. 1pF / 410
18hrs | 117 - 8.75pF / 500
7days 112 - 15.8pF _/' ) -310
22days 112 - 15.8pF { ~340
36days 110 - 15.98pF Z =340
63days 110 - 16.6pF { -350
Table 3.12 Agar 2, impedance response with time.
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Figure 3.21 Schematic impedance plot.

From this plot it can be noted that the graph is not purely
capacitive, as there is a very slight slope on the line. This is because
the polymer film is not a perfect capacitor and may be considered (in
terms of eqivalent circuit notation) to be "leaky", that is, to have a
large resistor in parallel ui;h it. It is also observed that the plot
appears to have a "solution resistance", which is likely to be that of

)

the polymer film. The results of the experiment are summarised in the

following téble.

Dry Dry

Polymer Thickness|Capacitance | Resistance

( pm ) | ( pF cor2) | (ohms cm?)
VROH-B1 76 57.3 1.9E6
VROH-B2 76 57.8 1.9E6
VAGH-G1 35 6u.7 1.1E6
VAGH-G2 36 63.8 1.1E6
Acrylic B [ 30 79.7 1.8E5
Acrylic A 70 37.5 3.4E5
VMCH-Y 33 73.7 3.3E6

Table 3.13 Dry capacitances and resistances of polymer films.
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These results show that the dry capacitance and resistance measured,
varied with the film thickness. The capacitance measurements varied
inversely and the resistance values directly with the thickness of the
coating. The measured resistance may wvary with the type and structure of
the film, some polymers being more conductive than others. The
relationship between the film thickness and the capacitance will be

discussed in Chapter 4.10.

3.6 Effect of the presence and absence of oxygen,

Previous work <112> had shown that an uncoated mild steel specimen
placed in deaerated salt solution, did not undergo corrosion processes
upon prolonged immersion and it was expected that similar results would
be obtained using coated specimens. To test this hypothesis, the halves
of prepared "Pyrene" panels were coated, masked and immersed in 3% sodium
chloride solution. One half ip aerated and the other in deaerated
solution. Impedance measurements were carried out regularly over a period

of time and the results are summarised on the following pages.
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Time Rs Rsc Capacitance | Nyquist Plot Potential
ncm?2  facm? cm-2 mV vs. S.C.E.
0 9EY - T9pF I{ -610
Smin 9EM - T9pF lz -610
15min 9EY 2.6E8| 79pF k =315
30min 9EY 2.6E8| T9pF Q_ =400
1hr SEY 2.3E8 79pF =400
1day 1E5 2E8 79.3pF é::::l. -420
3days 9EY 1.8E8| 79pF RN -420
5days | 9EU 1.7E8( T79pF N\ -330
Tdays | 9EA 2E8 79pF N\ -150
10days | 9EY 1E8 T9pF 4 N\ -160

Table 3.14 VYHH-G, in aerated solution.
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Figure 3.22 VYHH-G, 0-15 minutes immersion.
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Figure 3.23 VYHH-G, 30 minutes to 10 days immersion.
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Time Rs Réc Capacitance | Nygquist Plot Potential
nem?2 | acm?2 cm-2 mV vs. S.C.E.
0 1E5 3.2E8 TUpF :: -610
Smin 1ES 3E8 TU4pF ' Q -610
15min 9EY4 3.2E8] TupF | : -350
30min 9EY 3.5E8] Tu4pF ‘Q— -340
1thr 9EY 3.5E8| THpF Q -370
1day 1ES 3.5E8 TU4pF Q =415
3days 1E5 3.8E8 T7pF P -210
5days 9E} 4,6E8| TupF N -330
Tdays 9EY 4.7E8] TUpF Q -250
10days| 6.6E5| T7ET7 21nF L\ -190

Table 3.15 VYHH-GN, in deaerated solution.
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Figure 3.24 VYHH-GN, 0-10 days immersion.

Both specimens showed the same constant solution resistance over the
test period and a similar series of impedance plots. The capacitance
readings are also similar for th; panels, those for the panel in aerated
solution being slightly higher. The measured rest potentials were also
close for the specimens and did not fall below -420mV (w.r.t. Calomel)
during the test period. The photographs below, show the visual appearance
of the specimens after five days immersion. It was observed that more

extensive corrosion had occurred on the specimen in deaerated solution,

than on the one in the aerated solution.
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Specimens which had been coated with vinylite VAGH, showed similar

results in terms of their impedance and corrosion behaviour.

Time Rs Rse Capacitance'| Nyguist Plot Potential
ncm?2 | ncm2 cm-2 mV vs. S.C.E.
0 TEY - 94pF IZ =250
Smin TEY 2.6ET| 94.6pF Q__ =320
15min TEY 2.5E7| 102pF A -460
30min TEY 2.5E7 101pF N ~-480
1hr TEY 2.4E7 110pF ﬁ . -460
1day TEM 4,26 2.8nF L\ =400
3days TEY 2.6Eb6 130pF Vet ~ =525
S5days TEY 2.1E6 102pl;‘ )l -545
Table 3.16 VAGH, in aerated solution.
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Figure 3.25 VAGH, on immersion.
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Time Rs Rsc Capacitance | Nyquist Plot Potential
ncm? | ncm2 cm-2 mV vs. S.C.E.
0 TEY - 86.9pF b -610
5min 8EU 4.5E6] 90.7pPF ( ) -220
15min 8EY 1.2E7{ 88.7pF ~ -500
30min TEY 3.1E7| 88.2pF N\ =470
1hr TEY 4.6ET| 87.4pF C -500
1day TEY 2.4E6 0.21nF o =300
3days 8EY4 4.7E6 110pF d -500
5days TEY 4.9E6] 99pF = =520
Table 3.17, VAGH-N, in deaerated solution.
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Figure 3.26 VAGH, 3 days immersion.
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Figure 3.28 VAGH-N, after 30 minutes immersion.
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Figure 3.29 VAGH-N, after 3 days immersion.

As with the results of VYHH, the solution resistance measured was the
same for both the specimens and did not vary over the test period. The
capacitance méasurementa showed a general increase with time and again,
the capacitance of the specimen in aerated solution was higher than in
deaerated solution. The impedance plot shapes were more variable than
those observed for VYHH as is the rest potential, which was generally
lower than for the previous pair of specimens. The photographs of the

VAGH pair are shown below.
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Again, it is noted that the specimen immersed in deaerated solution

was the more corroded of the two.

The third vinylite studied in this way was VMCH. A different impedance

and corrosion behaviour pattern was noted for this pair of specimens.

Time Rs Rsc Capacitance | Nyquist Plot Potential
ncm?2 | nem2 cm-2 mV vs. S.C.E.
0 1.5E5| -~ 52pF { -610
Smin 1.5E5 - 52pF { =610
15min 1.5E5] - 52pF “ -610
30min 1.5E5 - 52pF " -610
1hr 1.5E5 - 53pF “ -610
1day 1.5E5| - 53pF k -610
3days 1.5E5| - 0.95nF h -610
6days 1.5E5| ~ 53pF h -610

Table 3.18 VMCH in aerated solution.
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Figure 3.30 VMCH, 0-6 days immersion.
Time Rs Rsc Capacitance | Nyquist Plot Potential
nem?2  [acm? cm-2 mV vs. S.C.E.
0 2E6 - 51pF l{ -610
Smin 1.5E6| - 50pF M -610
15min 1.5E5} - 51pF k -610
30min 1.5BE5| - 51pF M -470
ihr 1.5E5{ -~ 50pF l! -440
1day 1.5E5| - 50pF IZ -580
3days 1.5E5| - | 51pF v -560
6days 1. ‘3E5 - S51pF Il =545

Table 3.19 VMCH-N in deaerated solution.
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Figure 3.31 VMCH-N, 0-6 days immersion.

With this polymer, the impedance plot shows a particularly
®capacitive" shape and again, is similar for both the specimens. As with
the two previoﬁs vinylites, the solution resistance remains constant and
identical for both, throughout the experiment. The capacitance, is higher
in value for the specimen in aerated solution and increased slightly over
the test period. In the deaerated solution, the capacitance of the
specimen remained virtually constant during the experiment. Both of the
samples were slow -in taking up a measurable rest potential in comparison
with the other specimens and the sample in aerated solution did not take
up a stable rest potential after six days immersion. In common with the
previously described vinylites, the specimen immersed in the deaerated

solution showed the greater degree of corrosion attack.
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The fourth vinylite studied, VROH, again showed similar behaviour
between the halves of the original panel, but different behaviour from

the other three vinylites.

Time Rs Rsc Capacitancé Nyquist Plot Potential
nem2  |ncm?2 cm-2 mV vs. S.C.E.

0 8EY 4.TE6 81pF -610
5min 8EY 4.5E6| 81pF =350
30min 8E4 4.5E6| 82pF : -540
1hour 9EY 4,6E6| 83pF =550
1day 9E3 4.7E6 83pF | =540
3days 1EY4 - 82pF : =540
5days 1E4 - 82pF f =560
Tdays 6.2E3| =~ 5nF i -610
10days 6.1E3 - 4.9nF f =500
15days | 6.2E3| - T4pF f ~-560

Table 3.20 VROH in aerated solution.
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Figure 3.33 VROH, 3-15 days immersion.
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Time Rs Rse Capacitance | Nyquist Plot Potential
nem?2 [ acm?2 cm-2 mV vs. S.C.E.
0 1ES - 69pF |/ -380
Smin 9EY 5.2E8| 70pF 440
15min 1.7E2| U4.3E5| U4OnF :::: T -490
30min 9EY 3.4E8 T1pF i -540
1hr 9EL 3.9E8 T1pF : -540
1day 9EY - 71pF : -580
3days 9EY - T3pF i =550
6days 9EY 1.888] T72pF -550
9days 9EY4 - 73pF =440
15days 6.233 - 4.7nF i -525

Table 3.21 VROH-N in deaerated solution.
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Figure 3.34 VROH-N on immersion.
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Figure 3.35 VROH-N 30 minutes after immersion.
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Figure 3.36 VROH-N, 3-15 days after immersion.

The results from the VROH specimens, show a different pattern of
corrosion behaviour from those of the previous three polymers. The
solution resiétance, whilst being similar for both halves of the panel,
varied over the test period. The capacitance values generally increased
with time of immersion and as with the previous polymers, the specimen in
aerated solution tended to exhibit a higher value for the capacitance
than the specimen in deaerated solution. The measured rest potential was
generally lower for these specimens than for any of the other vinylites
and again, fluctuated with time. The shépe of the impedance plots were
also variable in shape for both of the VROH coated specimens, over the
test period. The photographs show the visual appearance of the samples

after five days immersion.
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visual difference between these specimens, in contrast with the other

polymers studied.

Generally, the results show that: vinylite coated specimens undergo
corrosion processes more quickly in deaerated than in aerated 3% sodium
chloride solutions. Although the visual appearance of VYHH, VAGH and VMCH
was similar after five days immersion, the corresponding impedance
responses of the polymers are all different, as has been noted elsewhere
<118>. The specimens immersed in aerated solution each exhibit a higher
value of capacitance than their corresponding halves in deaerated
solution, suggesting that there may be a greater quantity of water
present in the specimens immersed in the aerated solution. For certain
specimens, the capacitance increased by several orders of magnitude and
in some cases, decreased again. This is possibly due to diffusion effects
through pores in the films. It is likely that the black spots observed on
the panels, occur under pores, or "D" areas in the films. With detached
films, when a bore or pinhole was present in the film, the impedance plot
was typical of that of a diffusional process. With the attached films,
which are suspected of containing pores, a similar impedance response is
observed. In this case, a combination plot, showing the effects of both
the polymer and the diffusion processes. The reiationship between the
process occurring under and through the film, together with their

impedance responses, has recently been reported <116>.

In a second series of experiments, two VROH coated specimens, which
had been masked, were placed in a partially opened drawer. (This avoided
contamination by spillages, etc. and allowed for air ecirculation around

the panels). After thirty days, the specimens were removed from the
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draver and immersed in aerated and deaerated salt solution. The results

from this experiment are summarised in tables 3.22 and 3.23.

Time Rs Rsc Capacita‘nce Nyquist Plot Potential
nem?2 [ acm2 cm-2 mV vs. 8.C.E.
o] 1.7E5| - 48pF l{ -610
S5min 1.6E5| - 48pF l{ ’ -610
10min 1.6E5| -~ 48pF u -610
15min 1.6E5| = 49pF II -610
30min 1.6E5| - S0pF I’ -610
45min 1.6E5| - 50pF I/ -550
thr 1.6E5| - 50pF y -580
iday 1.6E5] 9.2E5| B84pF : -640
2days 2ES - 136pF / -580
6days 1.4E5] - 69pF / -620
10days | 1.uE5| - 194pF / | -580
16days | 1.5E5| - 335pF / -580
22days | 1.4E5(| - 285pF / -570
30days 1.485| - - / -560

Table 3.22 VMCH-Y (pre-rusted) in aerated solution.
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Figure 3.38 VMCH-Y, 1-6 days immersion.
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Figure 3.39 VMCH-Y, 10-30 days immersion.
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Time Rs Rsc Capacitance | Nyquist Plot Potential
ncm?  [nem?2 cm-2 mV vs. S.C.E.
0 1.3E5] - 63pF v -610
e
Smin 1.265| - 63pF I/ -400
10min 1.2E5| - 63pF l{ . =400
16min 1.2E5} 1.4ET| G6U4pF ! -610
30min 1.2E5| 2.6E7| 65pF =530
45min 1.3E5| 7.8E7]| 65pF ~— -580
thr 1.2E5| 2.2E7| 65pF ~ f -620
iday 1.2E5{ 2.2E7| 65pF ,_\/// -660
2days 1.2E5| 2E7 67pF ~ :: : ~580
6days _ 1.2E5] 5.5E7| 66pF Q_ =450
10days 1.2E5| 2E8 TOpF ::::: | =560
16days | 1.2E5| 3.6E7| 75pF —~ -500
22days | 1.1E5| 2E7 T9pF ~ ~520
30days | 1.4E5| 2.4E7| B8OpF ::::: -470

Table 3.23 VMCH-YN (pre-rusted) in deaerated solution.
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Figure 3.41 VMCH-YN, thour to 1 day after immersion.

The solution resistance of the specimen in the deaerated solution was
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constant over the test period, whilst that of the other specimen was more
variable. As with the previous series of experiments, the capacitance
generally increased with time, although in this instance, the capacitance
was higher for the specimen in deaerated solution, contrary to the
previous results. The shape of the impedance plots differed between the
two half panels, those from the specimen in the aerated solution
exhibiting more diffusion type effects. Neither panel showed any visual
evidence of corrosion prior to immersion, but after twenty-four hours in
the salt solution, each showed a uniform corrosion pattern of tiny black
spots over its surface. Unlike the previous experiments, both panels
continued to have the same visual appearance, differing only in the
colour of the spots. Those in the aerated solution became orange with
time, whilst those in the deaerated solution became a blue-green colour.
The size of the spots remained constant over the duration of the

experiment.
3.7 Effects of temperature,

When detached films were subjected to changes in the external solution
temperature, it was observed that there was a slight change in the rest
potential at the upper glass transition temperature, with apparently no
change in the impedance (or any other) response, at the lower Tg. With
this in mind, it was decided to investigate the effect of changing the
temperature of the salt solution in the region of the lower Tg, more

closely.

One half of a masked VMCH coated panel (VMCH-1), was immersed in 3%

sodium chloride solution at 37T and the solution allowed to cool slowly.
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Impedance measurements were performed after each T decrease in the
solution temperature and the results are summarised in table 3.24. The
rest potential, which the specimen took up immediately upon immersion,
remained constant during the experiment. Small changes in the shape of
the impedance plots, resulted in variations in the values of the

resistance and capacitance measurements.
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Figure 3.42 VMCH-1, 37-16%.
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Temp Rs Rsc Capaciténce Nyquist Plot Potential
c ncm2 m2 cm2 mV vs. S.C.E.

37 1.6E5 5E7 139pF : -560

36 1.6E5 SE7 128pF -560
N

35 1.6E5 SET7 127pF -560
N

34 1.6E5 4 ,5E7 126pF -560
N

33 1.5E5 |4.5E7 148pF : -560

32 1.6E5 4.6E7 132pF : -560

31 1.6E5 4 .6E7 140pF =560
P N

30 1.6E5 |3.6ET 137pF -560
N

29 1.6E5 3.5E7 145pF ~560

28 1.6E5 3E7 14Y4pF =560
AN

27 1.6E5 |[3.2E7 | 143pF — ' -560

26 1.6E5 3.5E7 153pF : =560

24 1.6E5 2E6 129pF : =560

22 1.6E5 2E6 121pF SN =560

21 1.6E5 1.7TE7 121pF C : -560

20 1.6E5 1.TE9 122pF Q =560

18 1.6E5 1.7E7 123pF /"\ =560

16 1.6E5 |1.7E7 | 122pF L - -560

Table 3.2U VMCH-1, impedance response with temperature.
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A further temperature changing experiment was performed after
twenty-one days immersion in salt solution and these results are
presented in table 3.25. During this time, the specimen had developed
small black spots over its surface and it was possible that the presence

of corrosion products under the film, may have some effect upon the

impedance response.

Temp Rs Rsc Capacita'nce Nyquist Plot Potential
ncm?  jnem? cm-2 mV vs. S.C.E.
35 1.1E5 1.3E6] 81pF i -420
34 1.1E5 1.5E6| 80pF ~ -420
33 1.1E5| 1.7E6] B80pF L~ -420
32 1.1E5 1.8E6{ 80pF ~~ ~-420
3 1.E5 2E6 80pF — -420
30.5 1.1E5 1.TE6| T79pF —~ -420
29.5 | 1.1E5| 2E6 | 79pF L -420
29 1.1E5 1.8E6| T8pF -420
28 1.1E5| 2Eb T8pF —~~ -420
27 1.1E5 1.9E6] 78pF ~ -420

Table 3.25 VMCH-1, impedance response after 21 days immersion.
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Figure 3.43 VMCH-1, 35-2TC.

After twenty-one days immersion, the rest potential, impedance plot
shape and its resulting parameters, remained almost constant throughout
the experiment. As with the previous run and in common with with the
results from the detached film experiments, there was no obvious change
in the impedance response at the polymers 1lower glass transition

temperature.

The other half of the panel (VMCH-2), was immersed in salt solution at
room temperature and the solution heated in small increments. The results

from this experiment are given in table 3.26.
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Temp Rs Rsc Capacitance | Nyquist Plot Potential

c ncm? cm?2 cm? mV vs. S.C.E.

15 1E5 - 78pF v -640

16 1E5 - 81pF |} -640

17 1E5 - T9pF I/ -640

20 1E5 - 78pF |z -560

25 1E5 - T9pF IZ -560

27 1E5 - 80pF u -560

28 1E5 - 80pF I/ -560

29 1ES - 81pF / =560

30 1E5 - 82pF / -560

31 €5 | - 83pF / -560

33 1E5 - 84pF ! -560
Table 3.26 VMCH-2, impedance response with temperature.
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Figure 3.44 VMCH-2, 15-34T.

Comparison of the data obtained from the half panels, shows that there
is a difference in both the plot shape and in the capacitance values
obtained from‘the films. The specimen immersed in salt solution at a
temperature above that of its Tg, showing a much higher initial
capacitance. Both the specimens exhibit approximately the same solution
resistance and take up a similar rest potential (-560mV w.r.t. Calomel)

on immersion.

The temperature changing experiments were repeated on VMCH-2 after
four, twelve and twenty-five days immersion. The results are presented in

the following tables.



120

Temp Rs Rsc | Capacitance | Nyquist Plot | Potential
ncm? ruwm2 cm~2 mV vs. S.C.E.
20 1E5 4ET7 78pF — -410
22 1E5 4ET 79pF — -410
24 1E5 4ET T9pF — =410
26 1E5 4ET7 80pF A -410
27 1E5 4ET7 81pF — -550
28 1E5 4E7 82pF 2 -550
30 1E5 4E7 83pF P -550
32 1E5 4ET7 84pF T =550
Table 3.27 VMCH-2, U4 days after immersion.
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Figure 3.45 VMCH-2, 20-32%.
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Temp Rs Rsc Capaciténce Nyquist Plot Potential
c nem?  jnom?2 cm™ mV vs. S.C.E.
33 1ES 3ET 85pF TN -580
32 1E5 3E7 84pF 4 \ -580
N 1ES 3E7 83pF 4 \ -580
30 1E5 3E7 83pF A -580
29 1E5 3ET7 82pF [ ) ~-580
27.5 1E5 3E7 81pF _ ~580
26 1ES 3E7 81pF 4 \ -580

"
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Table 3.28 VMCH-2, 12 days after immersion.
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Figure 3.46 VMCH-2, 33-25T.
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Temp Rs Rse Capacitance | Nyquist Plot Potential
% acm?  |nom2 cm™2 mV vs. S.C.E.

18 8EY4 2E6 T9pF IQ £ ’ -620

35 8EY 2E6 81pF lh/‘ -620

—r—————

Table 3.29 VMCH-2, 25 days after immersion.
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Figure 3.47 VMCH-2, impedance response at 18 and 3st.

These results, from VMCH-2, show a consistant increase in the measured
capacitance as the solution temperature increased. When the converse
experiment was performed, that is, decreasing the temperature, the same
pattern of higher capacitances at higher temperatures was apparent.
During each run, the capacitance only varied by a few pF/cmland remained
at 79-80pF/cm* (at room temperature) during the first twelve days of the

experiment. After twenty-five days immersion, as with VMCH-1, the
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capacitance showed a slight decrease in value (although this was more
pronounced for VMCH-1) and again, corrosion processes were observed under

the film.

3.8 The impedance response of a pinhole.

The effects of creating a pinhole in an attached film, were also
monitored using the impedance technique. The pinhole was made on an
acrylic B specimen and the impedance response of the panel followed with
time. Table 3.30, summarises the response of the specimen before the

creation of the pinhole and the impedance behaviour with time.
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Time Rs Rsc Capacitance | Nyquist Plot Potential
ncm?2  {ncm2 em-2 mV vs, S.C.E.
b 2ES - - ! -110
0 1.2E3] 500 1.69pF { -540
3min 1.3E3| 550 0.63pF f -540
Tmin 1.2E3| 650 0.64pF f -590
1min | 1.2E3| 700 0.4pF { -605
16min 1.2E3| 720 0.3U4pF f =605
22min | 1.2E3| 1720 0.29yF -605
75min 1.3€3] 780 0.16pF -620
28nrs | 1.5E3| 340 0.12pF -670
2days 1.5E3] 450 0.08pF =670
3days 1.7E3] 500 0.08pF -665

%% Before creation of pinhole.

creation

Table 3.30 Acrylic B. Impedance response after the

of a pinhole.
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Figure 3.48 Acrylic B, before the pinhole was created.
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Figure 3.49 Acrylic B, 0-3 days after the pinhole was created.
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3.9 Effect of substrate preparation and coating thickness,

Vinylite and acrylic coated specimens were exposed to 3% sodium
chloride solution and were monitored with time, using the impedance
technique. The results of these experiments are presented in the
following tables. As with the previous data, sketches of the impedance
plots obtained are presented with the results, larger, scaled impedance

plots are shown after the tables and in appendix 4.

Acrvlics A} and Bil.

Both the acrylic A1 and B1 specimens exhibited "capacitive" type
impedance plots throughout the duration of the experiment. The specimen
rest potentials were extremely unstable over the first 78 days of
immersion, although the solution resistance and capacitance values

remained constant for each panel.
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Time Rs Rsc Capacitance | Nyquist Plot Potential
ncm?2 | acm2 cm-2 mV vs. S.C.E.
0 3.2E5| = 5TpF IZ -
Tdays 3.2E5| - S57pF { -
23days 3.2E5| =~ 5TpF | ! -
78days 3.2E5| - STpF ‘! +40
85days 3.2E5| -~ 60pF v -20
101days 3.2E5| - 60pF I/ =20
119days 3.2E5| - 58pF h -55
128days 3.2E5} - 59pF b -160
136days 3.2E5| - 59pF b =140
Table 3.31 Acrylic A1, MQp on degreased steel.
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Figure 3.50 Acrylic Al 0-136 days immersion.
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Time Rs Rsc Capacitance | Nyquist Plot Potential
ncm?2  |nacm2 cm-2 mV vs. S.C.E.

0 4E5 - 34pF L_ -

7days 4ES - 34pF b{______ -

23days | LES - 34pF VC______ -

78days | U4ES - 35pF Z;_____ =50
85days | 3.889 - 35pF L -110
101days| 3.8E§ - 36pF b[______ -15
128days| UES - 35pF l +10
136days 3.8Eq - 4OpF hl_____ -15

Table 3.32 Acrylic B1, 83p on degreased steel.
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Figure 3.51 Acry'ic B1, 0-136 days immersion.
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No visible corrosion occurred on acrylic A1, whilst on B1, three very
small black spots became apparent after 78 days immersion. At this time,
a rest potential was measured on the specimens, although it was not
completely stable. The capacitance of the films increased slightly over

the test period and the rest potential continued to be unsettled.

Acrvlics A2 and B2,

The previous pair of acrylic coated specimens showed few visual signs
of corrosion after prolonged immersion in salt solution. Consequently, it
was decided to repeat the experiment, using thinner films. The results

are shown in the following tables.
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Time Rs Rsc Capacitance | Nyguist Plot Potential
ncm? | ncm2 em-2 mV vs. S.C.E.
0 1EY - 53pF ‘l -610
10min 1EY4 - 53pF Z -610
30min 1EY - 55pF k -610
1hr 1E4 - 56pF / -610
2hrs 9E3 TES 98pF ‘C : -610
1day 1E4 - 55pF { -610
Tdays 1EY4 - 56 pF b -610
13days | 1E4 - 61pF k -610
21days | 2.2E5] 7E5 33pF I~/ -610
48days | 2E5 TES 4opF al -560
T73days | 2E5 6ES 43pF 4::{i:;_ -660
92days | 2E5 TES 43pF -660

Table 3.33 Acrylic A2,50Pm on degreased steel.
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Figure 3.52 Acrylic A2, 0-1 hour and 1-13 days.
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Figure 3.53 Acrylic A2, 2 hours.
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Figure 3.54 Acrylic A2, 21-92 days.
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Time Rs Rsc Capacitance | Nyquist Plot Potential
necm?2  [nem? cm-2 mV vs. S.C.E.

0 1EY - 101pF b -610
10min 1EY - 99pF -610
uomr; 1E4 7.5E5| 9TpF C : -610
2hrs 1EY - 55pF Z -610
1day TEY 6.5E5 100pF C :: -610
3days | TEM 5.5E5| 98pF RN -610
B8days TEY 3.8E5| 98pF —~ | -610
13days | 7TEY4 2.6E5] 105pF . -610
21days | 7.S5E4 - - é -610
48days | -TEY 2ES 98pF d ~lU20
73days | T7EA 1.8E5| 98pF = =460
92days | TEY 1.5E5} 97pF ~ -460

1.5E5| 83pF [~ -520

13lldaysl TE4

Table 3.34 Acrylic B2, 30pm on degreased steel.,
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Figure 3.55 Acrylic B2, 0-10 minutes after immersion.
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Figure 3.56 Acrylic B2, 40 minutes after immersion.
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Figure 3.57 Acrylic B2, 48 days after immersion.

As with the previous acrylic A specimen, the impedance plots were
mainly of the capacitive type. A few small black spots were observed on
the specimen after eight days immersion, but there was no change in the
shape of the impedance plot until twenty-one days had elapsed. After this
time, it was observed that the corrosion spots had begun to increase in

size, very slowly.






Yinvlite VAGH.

Three VAGH specimens were examined in this experiment. Specimen (1),

was three coats of polymer, on a citric acid pickled panel, number (2),

three coats on a degreased panel and number (3), two coats of polymer on

a degreased specimen. The results from these specimens,are given in the

tables.
Time Rs Rsc Capacitance | Nyquist Plot Potential
nem? | ncm?2 cm-2 mV vs. S.C.E.
0 9E3 1.2E8] 35pF l -
1day | 9E3 1.2E9| 38pF - .
2days | 9E3 1.4E9 38pF [::::)__ -
Tdays 933 7.8E8| 38pF z::::)__ -
9days | 9E3 9.4E8| 39pF >~ -
13days | 9E3 | 7.388] 38pF A .
17days | 9E3 6.8E8| 38pF -
28days | 9E3 6.3E8| 39pF ~-640
59days | 9E3 1E8 44pF -488
84days | 9E3 9.9E7| M48pF -640
107day4 9E3 - - ~l40
134dayq 9E3 SES 360pF kf:::l__ ~330
1‘62day1 9E3 " 3.2E5| S0pF v___ -180

Table 3.35 VAGH-1, 88um on pickled steel.
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Figure 3.59 VAGH-1, 28-59 days after immersion.
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Time Rs Rsc Capacitance | Nyquist Plot Potential
ncm?2 [ acm?2 cm-2 mV vs. S.C.E.
0 3EU - Y4OopF If -
1day 3. 164 - 43pF / -610
6days 2.5E4] - YuypF / -620
13days | 2.5E4 - 44pF / -660
29days | 3EY - 55pF / -560
47days | 2.5EM - 43pF / 400
56days| 3EM - - Q_ =430
6lidays 2.5El1 - YypF I[ -585
Table 3.36 VAGH-2, 80pm on degreased steel,
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Figure 3.60 VAGH-2, 0-64 days after immersion.
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Figure 3.61 VAGH-2, 56 days after immersion.

Time Rs Rsc Capacitance | Nyquist Plot Potential
ncm?2 | acm?2 cm-2 mV vs. S.C.E.

0 3.2E5| - 59pF v -

1day 3.2E5| - 61pF b +90

6days 3.2E5| = 62pF b -

13days | 3.2E5| - 6UpF h =35
29days | 3.2E5| - 64pF b =620
47days | 3.2E5| = 62pF b ~ +50
56days 3.2E5| =~ 63pF L +170
64days 3.2E5| = 63pF b +U5

Table 3.37 VAGH-3, 6me on degreased steel.
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Figure 3.62 VAGH-3, 0-64 days after immersion.
The impedance data obtained from VAGH (1), showed semicircular plots of
variable shapes. The solution resistance, Rs, remained relatively
constant, whilst the diameter of the semicircle decreased steadily over
the test peribd. The capacitance value increased with time and after one
hundred and thirty-four days, appeared to be influenced by a diffusion
process, as the value increased by several orders of magnitude. However,
after one hundred and forty-two days, a "capacitive" type plot was
observed. The rest potential, which was unstable, for the first

twenty-eight days of immersion, varied considerably with time.

Specimens VAGH (2) and (3), exhibited very similar impedance behaviour
with time. Both showed an increase in the capacitance values with time
and both exhibit "capacitive" type impedance plots. On (2), a
Semieircular plot was observed after fifty-six days immersion, but this

quickly returned to the previous shape. A few fluid filled blisters were
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observed on this specimen after six days in solution, but no corrosion
product was noted. Several small black spots were observed on specimen
(3) after six days immersion, which increased slightly in size up to
thirteen days in solution, after which, no further apparent growth of

these sites, or initiation of new sites, occurred.

Yinvlite VMCH.

The results obtained from impedance studies on a VMCH coated degreased

specimen, are shown in the table.

Time Rs Rsc Capacitance | Nyquist Plot Potential
nem?2  |ncm2 cm-2 mV vs. S.C.E.

0 2.5B5| - 34pF b -

1day 2.5E5| - 36pF b +290
6days 2.5E5] = 36pF i =200
13days| 2.4E5| = 37pF h -190
29days| 2.5E5| - 37pF b, +155
47days| 2.5E5| - 37pF L -340
56days| 2.5E5] - 37pF b +105
64days| 2.5E5| - 37pF l =350

Table 3.38 VMCH, 90um on degreased steel.
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Figure 3.63 VMCH, 0-64 days after immersion.

As was observed with the acrylic specimens, the impedance plots from
this panel, were of the capacitive type. The solution resistance remained
constant throdghout the experiment and the measured capacitance increased
over the test period. The specimen rest potential, did not become settled
and varied considerably with time. The consistantly "capacitive"
impedance plo£ and the unstable rest potential, suggested that the
polymer film is intact and that the impedance response, is that of the
film alone. This theory was reinforced by the fact that small black
corrosion spots initiated under the polymer film. The presence of the
corrosion process on the specimen was not detected by the impedance
technique. However, it must be noted that the spots, after initiating,

did not increase in size during the remainder of the experiment.
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Ninvlite VYHH,

Three coats of this vinylite polymer was cast onto a citric acid
pickled panel. The specimen was then immersed in salt solution and its

impedance response noted. The results are presented in the following

table.
Time Rs Rsc Capacitance | Nyquist Plot Potential
nem?2 | nem2 cm-2 mV vs. S.C.E.
0 3E6 1.1E8 30pF h -
1day 3E6 1.1E8}§ 31pF b -
2days 3E6 - 31pF b -
Tdays 3E6 - 31pF b -
9days 3E6 7.5E9{ 31pF N\ -
13days | 3E6 - 31pF M -
20days | 3E6 3.9E9| 31pF D\ -
29days 3E6 5.6E8| 31pF [ } ~400
8lidays 3E6 - 31pF z ~100
107days| 3E6 - 31pF Z -60
125days| 3Eb6 - 32pF V -30
142days| 3E6 - 32pF b ~-10

Table 3.39 VYHH, lOOpm on pickled steel.
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Figure 3.64 VYHH, 0-142 days immersion.
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Figure 3.65 VYHH, 9,20 and 29 days immersion.

Initially upon immersion, the specimen exhibited a "capacitive" type



146

behaviour, which remained for the first nine days immersion. After this
time, a semicircular plot was observed and small black spots were noted
under the film. The impedance response of the specimen alternated between
capacitive and semicircular type behaviour over the duration of the
experiment. After twenty days, a second series of black spots initiated
(neither set of spots increased in size with time), coinciding with a
semicircular plot. The capacitance of the film increased slightly over

the experimental period.

Three coatings of this vinylite polymer were applied to a citric acid
pickled panel, which was immersed in 3% sodiun chloride solution. The
impedance responses of this specimen with time, are presented in the

table.
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Time Rs Rsc Capacitance | Nyquist Plot Potential
ncm?2 | acm2 cm-2 mV vs. S.C.E.
0 4.5E5 2.2E9 UspF -
1day U.5E5| 2.2E9| MUSpF -
6days 4 .5E5 1E8 46pF -

13days | 4.5E5| 1.3E8| UuU6pF

) RN PP DPD

20days 4 ,5E5| SE7 46pF

27days | 4.SES 1E7 60pF =710
36days | 4.5E5| 1ES 55pF -680
S7days 5ES 65?5 43pF =575
65days | 6EY 6.5E5| 1.6pF =575

Table 3.40 VROH, TUum on pickled steel.
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Figure 3.66 VROH, 0-20 days immersion.
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Figure 3.67 VROH, 27 days after immersion.

It can be noted that a semicircglar impedance plot was obtained
immediately upon the immersion of this specimen. After nine days in the
solution, several tiny black spﬁts were noticed under the film, but there
was no change in the impedance response. After twenty-seven days
immersion, a double semicircle was observed, the first semicircle
corresponding to the polymer film and the second, it was thought, to the
electrochemical double layer. The rest potential, which was taken up
immediately upon immersion, fell quickly ¢to a relatively 1low
value,(-710mV w.r.t. silver/silver chloride reference electrode) and
remained at about this value for the duration of the experiment. After
thirty-six days in solution, orange coloured corrosion product had pushed
through the film at several places on the specimen surface. These places
corresponded to the sites of initiation of the black spots, which had

increased in size with time. Orange corrosion product was not observed
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until the polymer film was ruptured. After eighty-four days, the specimen

surface was covered in corrosion product and the impedance response of

the film was only partly observed.

The capacitance of the specimens was measured immediately upon
immersion and these results (shown in the table), were plotted against
the reciprocal of the thickness of the film, as shown in the graph. As

has been previously observed, <128>, a straight line relationship was

obtained.
Polymer [Thickness 1 Initial
Tnicknrss | Conaciftnnee
(um) @) (pF/em )
VAGH 88 114 35
VAGH 80 125 4o
VAGH 60 166 59
VYHH 100 100 30
VYHH 43 230 79
VROH TU 135 45
VROH 60 166 48
VROH 58 172 62
VMCH 90 AR 34
Acrylic Al 48 202 57
Acrylic Al 70 143 38
Acrylic Bl 8U4 119 34
Acrylic Bl 30 333 88

Table 3.41 Polymer thickness and capacitance data.



150

p
120 4

100+

a Acrylic
80+ x y

»  Vinylite
Initial
Capacitance
pF
60

204

L] L L ¥
o 100 200 300 400

1
—Thickness port
Figure 3.68 Relationship between coating thickness and capacitance.

3.1 Water uptake into polvmer films.

The impedance data obtained from the Nyquist plots, may be used to
obtain information concerning the behaviour of the polymer film with
time. The uptake of water into a coating, may be related to the type and
structure of that coating, in terms of the polymer constituents, degree
of cross linking, etc. Several methods of determining the amount of water
absorbed by a film are available and perhaps the simplest, is that of

Brasher and Kingsbury <20>.
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%water uptake = 125 x log( C /Co )
log 80
where: C = capacitance after given time
Co= initial capacitance
5 = swelling factor

12
80 dielectric constant of water

This formula makes several assumptions as to the distribution of water
within the polymer film. Some assumptions are necessary for any
calculation and the results of the calculations here are for comparison
purposes only and not for the calculation of absolute quantities of water

in the films.
The assumptions made are;

1)The capacitance values refer only to the polymer films. This is

probable if the film is intact.
2)Changes in the capacitance are due to water uptake.

3)The permittivity of the water is 80. If water is bound to entities

within the films, this value will be different.

4)The distribution of water within the film is random and uniform.
This is not necessarily so, but some form of distribution must be

assumed .

5)No polar solvent is retained in the film. Tg experiments showed that
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a little xylene may be retained in the films, but it is not a polar

molecule.

The percentage water uptake into the films had been calculated for

several specimens and the results are shown in the following table.

Pol ymer Immersion Initial Capacitance % Water
time capacitancejafter x days| uptake
(days) pF/cm2 pF/cm2
VYBH 6 30 31.2 1.16
VYHH 142 30 32.4 2.2
VROH 7 45 6.2 0.78
VROH 84 45 48 1.84
VAGH 6 58.8 62.5 1.8
VAGH 64 58.8 63 1.98
VMCH 6 52.1 54.6 1.34
Acrylic A} 7 57.5 57.5 0
Acrylic A] 121 57.5 59.4 0.93
Acrylic B| 7 3 30 0
Acrylic B| in7 2 35.3 1.07

Table 3.42 Water uptake into polymer films.

3.12 Ch in & ¢ potential with ti

The rest potential of the specimens was monitored with time. It was
noted that no specimen exhibited a constant rest potential and that for
some polymers, a potential could not be measured for some time after
immersion. In general, it was found that a relatively low rest potential
(-560mV w.r.t. Calomel, or 1lower), coincided with a semicircular

impedance plot. A more noble rest potential, often accompanied a



diffusion type plot. Where a "capacitive"

rest potential could not be monitored at all,

results from several specimens reported here,

following graph.
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Figure 3.69 Specimen potential against time.
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Chapter 4. Discussion.

4.1 Introduction

One major objective of this work was to assess the suitability of the
impedance technique as an investigative tool in the study of polymer
coatings for corrosion protection. The data presented in this thesis,
indicates that the impedance method is able to distinguish Dbetween a
protective film and a non-protective film, but that it is unable to
detect the presence of small areas of corrosion under an intact film. It
was noted that the rest potential of the specimen followed the corrosion

trends indicated by the impedance data.

The other major objective was to determine whether the structure of a
polymer film affected its protective ability. The results suggest that
it does; and that it is the number of defects within a film that governs
its protective properties. The number of defects can be related to the
degree of crosslinking of the polymer and the number of coats applied.
The method of surface preparation also affects the degree of protection

afforded by the polymers.

4.2 Initial Experiments

Previous work using the impedance technique on coated substrates,
<112> had suggested that it is a useful method for the examination of
the protective abilities of polymer films. Ho used thick pigmented films

and exposed only a small (1cu?) area to the test solution. His results
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indicated that the corrosion behaviour of the painted specimen could te
followed by the change in the impedance data, in particular, that the
diameter of the semicircular part of the plot, could bYe directly
substituted for the polarisation resistance Rp, in the Stern-Geary
equation (page 17) and was directly related to the corrosion rate of the
substrate. This finding appeared to provide a useful basis for examining
the protective abilities of polymers with different structures, by

comparing the corrosion rates obtained from each polymer.

Initially, a number of simple experiments were set up, using several
different transparent polymers, which were exposed to 3% salt solution
and run in a two electrode format, against a platinum counter electrcde
as shown on page 49. Although all the specimens experienced the same
environment, it was not possible to reproduce Ho's observations using
these polymers. The series of curves obtained by Ho are shown below,
together with a variety of the many shapes obtained from the vinyl

films.

Figure 4.1 Ho's Series of Curves. <l12>
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z z’ 4
Figure 4.2 Curves from Vinyl Specimens.

Whilst the progression observed by Ho appears to be true for coal tar
epoxy and chlorinated rubber paints, no such orderly change was noted
for vinyl or acrylic polymers, where the shapes of the plots change with
time and may even revert to a previously obtained shape, for example,
VAGH (page 137), VROH( page 101), and acrylic B2 (page 130). After
several experiments, it became apparent that the conclusions drawn by
Ho, were not applicable to these polymers and were therefore, not a true
indication of the corrosion events occurring on these specimens. The
results could be interpreted on the basis that it was the polymer film
which was being observed and that the defects in the film were giving

rise to the observed semicircular type behaviour.

Visual examination of the specimens after some time of immersion,
revealed that there was a wide variety of areas on the substrate, some
bright metal, a number of small rust spots and a few larger sites. From
a comparison of the visual and impedance results it could be inferred
that the impedance technique was not a reliable method of indicating
either the presence or the extent of underfilm corrosion. A capacitive
type plot, for example, may be obtained, whilst corrosion products may
be visible under the film, (e.g. VAGH-N page 98 and acrylic A2 page
130). Alternatively, there may be no observable corrosion. after some
time, but a semi-circular plot is obtained, (e.g. VMCH page 115 and

acrylic B2 page 133).
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It was therefore decided to perform a series of experiments in order
to determine whether the origin of the impedance response in these
experiments, was the corrosion process itself (as had been previously
assumed) or, whether it was due to some film effect, in this case, the

presence of defects within the film.

The components of the Nyquist plot have been traditionally assumed to
be those of +the corrosion processes taking place on the metal, as

described on page 23.

Whilst +these parameter assignments have been shown to be true for an
uncoated substrate <98>, it was observed that the semicircle parameters
were usually related to the film and not to the corrosion process. In
order to support this conclusion, the following model was constructed,
which illustrates the various parameters examined in this work. Each
factor was studied separately and its effect on the impedance data

included in the appropriate sections.

1. Solution

30stect .| | 5 poiymer

ANV
4. Substrate

Figure 4.3 Schematic Diagram of Experimental System.
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1) Solution effects;
(i) no solution.
(ii) solution temperature.
(iii) oxygen concentration.

2) Polymer effects;
(i) physical properties.
(ii) structure.
(iii) thickmess.
(iv) water uptake.
(v) film resistance and capacitance.

3) Film defects;
(i) degree of crosslinking.
(ii) deliberate damage.

4) Substrate effects;
(i) substrate preparation.
(ii) no substrate.

Other practical considerations were the method of meking the

impedance measurements and the influence of the rest potential.

The rest potential of several specimens was monitored with time and
in some cases, found to vary with the shape of the impedance plot. For
example, with VAGH, a rest potential of -250mV (S.C.E.) was measured and
a capacitive type plot was observed. With a semicircular plot, the same
specimen showed a rest potential of -486mV (S.C.E.). These figures are
typical of many of the experiments. Whilst the presence of corrosion
products was often noted at the more octive potentials (e.g. -480mV), it
was usually absent when the specimen potential was more noble (for
example -200mV). However, with an intact film, it was also noted that
corrosion products may be observed under the film, whilst the potential
remained relatively noble. The specimen potential was shown by

Scantlebury and Callow <115> to affect the shape of the impedance plot
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and it was therefore considered important, that the specimen be kept at
its measured rest potential throughout the frequency sweep,
neccessitating the use of a three electrode system of measurement. The

latter system also produced a decrease in the scatter of the data.

4.3 Variation of Solution Parameters.

4.%.1 No Solution.

It was originally assumed that the part of the impedance plot
ascribed to the solution resistance (Rs), was of a constant value <112>.
However, this was shown <128> to vary with the concentration of the
solution, & higher value for Rs being observed with solutions of low

conductivity.

In this work, a novel system of examining the solution resistance was
devised, by replacing the agueous solution with mercury, thereby
creating a "metal sandwich" with the polymer as the "filling". The
results (page 85), showed that the film capacitance varied with the
inverse of the film thickness, as was observed for specimens immersed in
aqueous solution. The dry, film resistance, which varied directly with
the coating thickness, appeared to vary between the polymer types,
suggesting its dependance on the ability of the film +to conduct
electrons. As there is no solution present in this experimental system
and hence no ions, the current which flows arocund the circuit must be
electronic in nature. For some polymers, conduction of electrons is
easier than for others, resulting in differences in the film resistance.

The vinyl films, contain simple co-polymerised compounds, with no double
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bonds, ring structures, etc. As there are no constituents of the polymer
which could assist in electron tramnsport, the resistance of the vinyl
films was high. 1In comparison, the acrylic polymers are composed of a
larger number of compounds, including the ring compound, s8tyrene. The
crosslinking agent used in the acrylic polymers is Cymel 301 (whose
structure is shown below). It is also a ring structure and is not always

fully crosslinked.

HaCOMC (- CHzOCHy
c
Y
N \N
H4COH,C | If CHL0CH3
Su—e, A-ng
HCOH,C N \\‘cnzocus

Figure 4.4 The Structure of Cymel 301.

It is suggested that the presence of the unconjugated double bonds
(-C=C-) and the ring structures in the acrylic polymers, allow for the
easier passage of electrons through these films and hence a lower film

resistance is observed.

4.3.2 Solution Temperature.

It was thought that if the presence and diffusion of water and ionms
into a film, was affected by the temperature of the solution, this could
become apparent in the impedance response of the specimens. However, in
a series of experiments using attached and detached films, there was no
marked change in either the impedance plot shape, or in its parameters,
at either the upper or lower glass transition temperatures (Tg) of the

vinyls studied.
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It is probable +that there were no major defects in the specimen
immersed in solution above its Tg, as it showed a high constant solution
resistance over the temperature range under study. The diameter of the
semicircle observed on the impedance plot decreased with decreasing
solution temperature. Ho suggested that this is due to an increase in
the corrosion rate of the substrate as the temperature decreases. This
phenomenon and explanation has been observed and reported elsewhere
<51>. From the results in this work, it is proposed that the decrease in
the diameter of +the semicircle is due to a decrease in the ionic
resistance of the film, caused by the entry of water and ions into the
coating. At temperatures above Tg, the polymer chains are considered to
possess a greater freedom of movement and thus to allow an increased
quantity of agueous species into and through the film. It would
therefore be expected that the film resistance would decrease as the
temperature increased, the opposite of this particular result. However,
only in this experiment did the resistance decrease with a decrease in
solution temperature and it 1is suggested that this 1is due to the
permeation of water into the coating at temperatures above the polymers
Tg. As the temperature decreased, the solution became trapped within the
now more rigid polymer chains in greater quantity than would be usual at

a particular temperature, thus lowering the film resistance abnormally.

In general the experiments with the solution temperature showed that
there was no marked change in either the impedance plot shape, or in its
parameters, at the Tg of the vinyl polymers examined. There was also no
increase in the amount of underfilm corrosion which occurred during
these experiments, as compared with specimens at 25° C. Although an
increase might have been expected, due to the higher temperatures and

easier permeability of aqueous bourne corrodants into the film, it was
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possible that there was a decrease in the dissolved oxygen concentration
at higher temperatures, which compensated for the increased
permeability. Oxygen 1is generally considered to be neccessary for
corrosion to occur and Ho showed that bare steel which was exposed to
deaerated 3% sodium chloride solution, did not corrode. It was therefore
assumed that coated mild steel under the same conditions would also

exhibit no corrosion.

4.3.% Oxygen Concentration.

Contrary to the expected results, those specimens immersed in
deaerated solution, exhibited a greater degree of corrosion attack, than
their aerated counterparts. The reason for this apparent anomaly, may
lie in the nature of the corrosion reactions, in particular, with the
cathodic reaction. In aerated solution, it is the reduction of molecular
oxygen, in deaerated solution, the reduction of hydrogen 1ions to
molecular hydrogen.

The following steps have been proposed <129> for the corrosion of

mild steel in deaerated solution, the anodic process being;

Fe + HaO —> FeOHyye + H* + & (1)
FeOHygg + Hp0 —> Fe(OH), + H* + e~ (2)
In a deaerated solution, the cathodic process is simply;

20 + 2e-—> Hy 3)

The hydrogen gas produced, diffuses into the solution. This may be

illustrated diagramatically, as shown overleaf.
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Figure 4.5 Schematic Corrosion Process in Deaerated Solution.

Vater molecules diffuse into the film quickly <58> and react at
suitable sites on the mild steel surface. Such sites can be under pores
or "D" areas in the film, or can occur where the polymer does not adhere
to the metal, or where there is an inclusion or imperfection in the
film. The water molecules combine with the steel, forming the hydroxide,
which is a blue/green colour. The hydrogen ions and electrons released
during this process, combine with each other to form hydrogen gas. The
hydrogen molecule is small and mobile and can easily escape from the
film into the solution. This process will continue until sufficient
corrosion product has built up to block the pore, or to fill the
disbonded area under the film. At this stage, the impedance plot ceases
to be due to diffusion at a pore and reverts to that of the total
polymer film area. Once this situation of blocked pores, etc. is

reached, new corrosion sites initiate and the process is repeated.



164

For saerated solutions, the proposed corrosion process is more
complicated. The anodic process, equations (1) and (2) remains
unchanged, but the cathodic process is now the reduction of oxygen. Two
possible pathways for the reduction of oxygen are presented here, the
first involving the reaction of oxygen with water and the second, the

reaction between oxygen and hydrogen ions, involving a peroxide

intermediate.

Pathway & <130,131>,

O2sds+ €~ —> O2ads (5)

02445 + H0 — HOgps *+ OH™ ()

HOM + €5 —> HO; (7)
HO; —> OH™ + 30, (R)
hw <129>
O2sds* €~ —> 0O2ads (10)
OZaas+ H' —> HO, (11)
HOp + e —> HO3 (12)
HOz + H* —> H,0, 13)
Ha03 ¢« e —> OHays + OH™ (14)

OHgpgs + € —> OH" (15)
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Both pathways require electrons for the reduction of various
intermediates, as well as a supply of water molecules (in A) and
hydrogen ions (in B). It is possible that the "in-situ" mechanism may
depend upon the pH of the solution at the polymer-metal interface,
pathway A being preferred under neutral or alkaline conditions, when few
hydrogen ions &are present, pathway B if acid conditions, that is =a

plentiful supply of hydrogen ioms, prevail.

Equations (1) and (2) can be combined with pathway A as follows;

Fe + Ho0 —> FeOHyy, + H* + ¢ (a)
0, — 0O2as (B)
O2pds+ €~ —> 02,4 (C)
O2ads + Ha0 —> HOp, + OH™ (D)

FeOH,y, + Ha0 —> Fe(OH); + K + e (E)
HOzys + €° —> HOZ (F)

HO; —> OH™ + 10, (c)

From these equatiomns, it can be seen that the electrons produced at
steps A and E are required for steps C and F, &s well as for possible
combination with hydrogen ions to form hydrogen molecules. Competition
for water molecules between iron and oxygen intermediates, steps D and

E, is also possible.

A similar combination of equations is proposed for pathway B;(Berl mechanism)

<1298>
Fe + HpO ——> FeOHyye + H* + e~ (2)
Oz —_— 02.ds (b)
02005+ © —  02aas (c)

O2pas+ H' —> HO, (d)
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FeOHyys + H,0 ——> Fe(OH), + H' + e~ (e)

HO, + & —> HO; (1)
HO; + Y — H,0, ()
HpOp + € — OHags + OH™ (h)
OHggs + € —> OH" (1)

For this process, electrons are again required at several stages, in
this case, ¢,f,h and i. As before, this competition restricts the number
of electrons which are available for combination with hydrogen ions. The
hydrogen ions are also required at steps d and g, thereby reducing the

possibility of hydrogen molecule formation.
As the oxygen reduction process is more complex than that of hydrogen
ion reduction, it will result in a slower corrosion rate in &serated

solution, than in deaerated sclution.

hd - > - N — T
4.4 Verig*icrn of Folzzmer Tilms.

4.4.1 Film Thickness.

The effect of film thickness was examined using multicoat systems
and single films of approximately the same total thickness. It has been
noted <53> that the greater the number of coats, the more protective the
paint layer. In the present work, it was observed that fewer rust sites
initiated and that the growth of spots was much slower for the multicoat
specimens. It is proposed that this is due to there being fewer pores or

defects in the finished coating when a number of layers are applied.
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Figure 4.6 Defects in a Schematic Multicoat System.

After the application of three layers, only one of the original
pores remains, the others being filled or blocked off by susequent
layers. In this work, one, two and three layer specimens were made up
using the vinyl polymers. Only single layer acrylic specimens were cast,
as the latter polymer showed a much greater degree of protection towards
the substrate, as a single layer, than the multicoated vinyl polymers,
again thought to be due to the crosslinking nature of the acrylic films.
As expected, the number of sites initiated decreased with the number of
layers of polymer applied. The rate of growth of the underfilm corrosion
sites was also much slower for the multicoated specimens than for those
with only a single polymer layer. This suggests that the diffusion and
permeation of water and ions is occurring more slowly through the
multilayered films, there being fewer pores or defects present in these
films. These results are in agreement with the generally accepted view,
that & number of thin layers are more protective than one layer of the
same total thickness. Whilst this is true within a particular coating
type, in this case, vinyl polymers, it is not possible to assume that
several coats of paint A will be more protective than one coat of paint

B, as was shown by comparing the vinyl and acrylic polymers.
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4.4.2 Film Capacitance and Water Uptake.

The straight 1line relationship between the reciprocal of film
thickness and the capacitance of the film on initial immersion, has been
previously observed <128>. Thus on the assumption that there is mno
swelling of the film, <then the slope of a plot of capacitance against
reciprocal of film thickness, will have a slope equal to that of the
dielectric constant of the polymer. It can be seen from figure 3.68
(page 150), that straight line plots were obtained for both the vinyl
and acrylic polymers, but that the slopes of the lines were different,
showing that the dielectric constants of the polymers also differed. The
dielectric constant for the vinyls was of a higher value +than that
measured for the acrylic films and this can be ascribed to the more
hydrophillic nature of the vinyl polymer, the chains exhibiting a
greater degree of polarity than would occur in the acrylic films.
Therefore, the dielectric constant (which is affected by the polarity of

the molecule) is higher for the vinyl polymers.

The capacitive data can also be used to estimate the uptake of water
into the film. The calculations on page 152 show that some films appear
to absorb a greater quantity of water than others. This must be related
to the thickness and structure of the films. When &a specimen is
initially immersed in the test solution, it is likely that there is =a
greater uptake of water within the first few minutes. This is the "fast
change" described by Maitland and Mayne <58>. Evidence to support this
theory is obtained from the comparison of the "dry" capacitance values,
with those obtained on the initial immersion of <the specimen. The
capacitance in aqueous solution was found to be higher, suggesting that

there had been & change in the dielectric constant of the polymer, which
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was probably caused by the uptake of water into the film. On prolonged
immersion, the capacitance increased slowly and it is likely that this
is the "slow change"”, that is, the exchange of ions within the film,
accompanied by the uptake of further quantities of water. It is possible
that the ions entering the film, are surrounded by a "shell" of water
molecules <62> and small changes in the measured capacitance values may
be recorded as these ions exchange for others originally associated with
the polymer, causing small amounts of water to become temporarily "free"

within the polymer.

The film structure and its degree of crosslinking are important in
that they act as a barrier between the substrate and the environment, in
this case, the test solution. The acrylic films exhibited only a slight
increase in capacitance (and therefore water uptake) over the test
periods, whilst the vinyl polymers showed a much greater absorption of
water. The acrylic films, being chemically crosslinked, are likely to
contain fewer defects and pores than the vinyl coatings. Very few
underfilm corrosion sites were observed on the acrylic specimens and
they generally produced "capacitive" type impedance plots, with unstable
rest potentials, again showing that the acrylic films were the least
defective of the polymer types examined. However, they do produce
brittle films which can be easily damaged mechanically and they
therefore have some practical limitations. The vinyl polymers, whilst
providing a lesser degree of protection are more flexible, hence they

offer a practical advantage.
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4.4.% Physical Properties of the Polymers.

In &an attempt to‘ determine whether the relative oprotective
properties of the polymers under study were due to the presence or
absence of a particular group, or groups, on the polymer backbones,
infra-red spectroscopy was carried out to try and identify the groups
present. The results showed one group to be missing from two of the
vinyls; that is an -OH group was present only in the VROH and VAGH. The
acrylic films produced similar traces, not surprising when it is
considered that they both contained similar compounds, varying mainly in
chain 1length, a feature which is not easily observed using this
technique. Although the vinyl and acrylic infra-red traces showed some

small differences, this technique provided no data to account for their

different protective abilities.

A second physical property, the glass transition temperatures of the
polymers vwas also examined, this data showed a greater number of

differences between the polymers.

The acrylic films appear to contain only one glass transition
temperature, whilst the vinyl polymers, which contain a fewer number of
constituent compounds, show the presence of two +transitions. This
apparent anomaly arises because of the structure of the polymers. If a
polymer is made up from two constituents co-polymerised together, the
resulting polymer may vary in structure. Under particular conditions of
manufacture, the monomers may polymerise either with themselves, or with
the second monomer. This results in the formation of compounds such as

those illustrated overleaf.
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Figure 4.7 Two possible co-polymers.

Each of these compounds contains the same number of A and B monomers,
but in a different distribution and it is the sequence of the monomers
in the polymer, that determines some of the characteristics of the cured
film. This difference in polymer structure, can be detected using the
Differential Thermal Analysis (D.T.A.) technique. Where the blocks of
the monomers are small and evenly distributed throughout the polymer,
then only one glass transition is observed, corresponding to the
combined effects of the polymer constituents. Where there are large
blocks of monomers polymerised together, then more than one glass
transition may be observed, corresponding to the Tg's of the monomer
blocks. The presence of two glass transition temperatures was noted Dby
Kumins and Roteman <37> who suggested that the two Tg's observed for
VYHH in +their experiments, corresponded to the glass +transitions of
vinyl chloride and vinyl acetate in the polymer. The lower Tg being
attributed to the oscillation and movement of the acetate groups and the
upper Tg caused by mobility of the main polymer chains. For the vinyl
polymers studied in this work, two transitions were observed and
therefore it was assumed that the distribution of vinyl chloride and
vinyl acetate is such that blocks of each monomer exist in the polymer.
No third Tg was observed which could correspond‘to the maleic acid added
to some of the polymers. This was probably due to the small quantities
added and to their distribution through the polymer. The Tg observed at
29/3000, corresponds to the Tg of vinyl acetate, as previously reported
<%7>. VROH does not contain vinyl asetate and shows no transition at this

temperature. However, all the vinyl polymers contain vinyl chloride and
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show a second Tg at 64°C (67°C for VYHH). This Tg could, theoretically
be either that of vinyl chloride, or of the other constituent compounds.
It is known that whilst the Tg of vinyl chloride is generally accepted
to be 77°C <37>, the temperature at which the monomer is polymerised can
affect the Tg of the polymer <55> and this could account for the Tg of
64-67 C measured for the resins. The Tg of the films was much lower, 55
°C, probably due to the plasticising effect of the retained solvents in

the films.

Since the acrylic films exhibit only one glass transition
temperature, it is possible to assume &a more even and Trandom
distribution of the monomers through the polymers. The polymer chains
are crosslinked into a network by the crosslinking agent Cymel 301,

which may contribute to the random "order" of the groups.

The presence of retained solvent and water in the films, may also be
detected wusing the D.T.A. method, as they appear as temporary
depressions on the graph. When the sample is heated to above its Tg, the
solvent, which may have been trapped in the resin during its
manufacture, or in the film during casting and curing, is released. When
a second run is carried out on the same specimen, the depression on the
graph is no longer observed, confirming the loss of the solvent. The
identity of the retained solvent may be deduced by comparing the boiling
point of the released solvent, from the depression on the graph, with
those of the polymer solution constituents. Retained solvent can also
have a plasticising effect upon polymer films, that is a 1lowering of
their Tg. This effect can also be observed with the D.T.A. technigue.
The glass transition temperatures calculated from subsequent runs on the

same specimen, showed the Tg of the second run to be higher.
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From these experiments, it can be observed that there is very little
physical evidence to account for the different degrees of corrosion
protection conferred by the two polymer types. It is proposed therefore,
that the determining factor is the number of defects in a film, with
some polymers producing more defective films than others. The variation
in the number of defects or pores in the film has been attributed in
this work, to the degree of crosslinking of the polymer chains, some
areas being less crosslinked than others. Such areas have been termed
"D" areas <36>. For non~-chemically crosslinked films, areas of defect or
weakness cannot be called "D" areas, but such regions could contain a
higher proportion of hydrophillic groups than other areas of the film
and such regions would allow the easier conduction of water and ions
through the film. When a second layer is applied, several of the
original defects may be covered, resulting in the formation of a more

protective film.

The vinyl polymers posess such an un-crosslinked structure and contain
hydrophillic groups, for example acetate, around which water molecules
could cluster, thereby attracting further water molecules and ions and

thus aiding their entry into the film.

The wvalidity of the theory that it is the number of defects in a
film, caused by the polymer structure, was tested using an agar gel.
Agar is known to have a very open structure and to absord water into
itself. It was expected therefore, to behave as a very defective
coating. This was indeed the case, the film allowed general corrosion to
occur over the metal surface, in contrast to the "spot" corrosion
pattern observed with the vinyl and acrylic polymers. When the gel was

removed, it was noted that the surface of the steel was bluish in
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colour, suggesting that the steel was in the Fe*'state. It is probable
that the Fé" to Fe”'conversion, producing the characteristic orange
rust, occurs at the metal-agar interface. The presence of absorbed Fe™
compounds in the gel, supported this theory. Build up of the rust
compounds in the gel would then account for the increase in the solution
resistance observed after some time of immersion. The initial decrease
in the solution resistance is caused by the absorption of water and ioms
into the inherently open structure of the agar. Once these species
reached the substrate, the corrosion process began. For agar, this was
about thirty-six hours after immersion, as compared with several days or
weeks for the vinyl and acrylic polymerse. The presence of water in the
gel was confirmed by the increase in the capacitance values obtained
from the diffusional shaped impedance plots. Although a general
corrosion process was occurring on the steel surface, the impedance
response reflected only the permeation of the solution into the agar. No

part of the impedance plot could be attributed to the corrosion process.

4.5 Artificial Defects in Films.

Diffusional impedance plots observed during the agar experiments are
thought to be due to solution transport processes within the pores of
the gel. To examine the further effects of large pores, an artificial
defect was created in an otherwise intact film. The exposed metal began
to corrode, vwhich was reflected in the rapid initial decrease of the
rest potential (from -119mV to -540mV S.C.E.) when the defect was
created and the potential continued to decrease with time. The
capacitance data obtained showed that for this experiment the corrosion

process impedance was being monitored since the capacitance was that of
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an electrochemical double layer on the metal. Prior to the creation of
the pinhole, the capacitance had been that of the film. It is 1likely
that the large size of the pinhole (1mm diameter) allowed the corrosion
process impedance to be monitored, rather than that of diffusion as
observed with the agar coating. With defective films, only the corrosion
process impedance was monitored with time, i.e. the impedance technique
records only the low resistive path. The rest potential also reflects
only the corrosion process and there is no response from the polymer

film.

The occurrence of a natural defect or pore in a film and the passage of
solute through the defect to the substrate, may become apparent after a
period of immersion. This would be observed as a change in the impedance
plot shape and also in the parameters derived from it. This may result
in a falsely high estimate of the capacitance. Thus for a combined
diffusional process and film effect, this may give rise to data as shown

overleaf. (Fﬁs 4-% - 4.10)

In the latter two diagrams, the diffusion process of the plot will
distort the higher frequency or capacity data and will give rise to an
excessively high value for the film capacitance. An increase in the rest
potential of +the specimen towards more noble values, often occurs
simultaneously with this change in apparent diffusion. This effect was
observed with VAGH-G after three days immersion, for VAGH-N after ome
day and for VROH-1 after ten, sixteen and twenty-two days immersion. It
is suggested that this type of impedance behaviour appears as pores form

and later fill with corrosion product.
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Figure 4.8 No diffusion influence.
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Pigure 4.10 lLarge diffusion influence.
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When the anodic sites becomes blocked by the build up of corrosion
products, the impedance plot reverts to its original behaviour, that is,
for the VAGH specimens, a semicircular plot. Such changes in the plot
shape are also shown by VROH-BN. After fifteen minutes in deaerated
solution, & pore or some other defect becomes apparent. The solution
resistance decreased and the capacitance increased, indicating that =a
diffusion process was occurring through the film. The subsequent
increase in the solution resistance to its original value, implied that
the defect had become plugged, probably with corrosion products. It was
noted that the small black spots which initiated, did not appear to
"grow" at a uniform rate, the periods of growth that occurred followed a
decrease in the solution resistance or a decrease in the rest potential.
The cyclic nature of the process was indicated by the VROH-BN specimen.
The capacitance increased when a diffusional plot was obtained and then
decreased back +to that of the polymer as the solution resistance
decreased. With time, the capacitance showed an increase and therefore
an uptake of water into the film. After fifteen days of immersion, the
solution resistance decreased and the capacitance again increased,

indicating the cyclic nature of the process of solution entry into the

polymer.

4.6 Substrate Effects.

4.6.1 Substrate Preparation.

In addition to the effects of the solution and polymer parameters,
substrate changes also influence the impedance response and these will
now be considered. Firstly, the effect of changing the method of

preparation of the substrate, showed that a pickled specimen allowed a
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greater amount of underfilm corrosion to occur than did a polished
specimen. This is probably due to citrate ions remaining on the metal
surface after the pickling process. These ions then act as an underfilm
contaminant when the specimen is immersed in solution. The contaminants
can presumably exert an osmotic pull on the water molecules, which are
drawn through any defects present and this decreases the time for the
corrosion sites +to initiate on the metal substrate. The result is a
fairly uniform distribution of small spots over the surface and these

increase in size with time.

In contrast, a polished specimen has relatively 1little underfilm
contamination, apart from dust particles, and substantially fewer
corrosion sites were formed after immersion in solution. The sites
showed a characteristic "ring pattern”, for example the photograph of
VYHH-GN on page 91. This suggests that an anodic site initiates below an
area of weakness, or at a defect in the film. The defect must be of a
reasoﬁable size for the corrosion process to continue, otherwise it
becomes blocked by the corrosion products. The cathodic process occurs
in a ring area around the anodic site and no anodic processes take place
in this area. PFurther sites initiate some distance away. These may be
either further ring patterns or general underfilm spot corrosion with no
definite pattern. Only the vinyl polymers showed the ring pattern; the
acrylic films generally allowed one or two spot sites to initiate after
long periods of immersion. After some months, filiform corrosion was
observed on several acrylic specimens, as shown in the photograph on
page 136. Filiform corrosion usually initiates only under certain
conditions of humidity and temperature and its occurrence under

completely immersed conditions has not been previously recorded.
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The vinyl polymers exhibited different corrosion behaviour towards
the two methods of substrate preparation. Each showed reasonable
protection towards a ©polished specimen, but their responses varied
towards a pickled specimen. VMCH showed capacitive type plots and from
the visual results, appeared to provide the greatest protection to the
pickled substrate. VYHH and VAGH both showed lesser degrees of
protection, with a greater variety of impedance plot shapes. VROH
exhibited semicircular plots from its immersion and was sufficiently
unprotective as to allow the build up of corrosion products to such an

extent that the film ruptured.

The choice of the preparation method for the substrate has been shown
to have an important effect on the protective abilities of the vinyl
polymers. In the case of VROH, it was especially obvious and allowed
many more sites to initias*e and those spots to increase in size to a

much greater extent on the pickled specimen.

4.6.2 Effect of No Substrate.

The effect on the impedance response of removing the substrate, was
considered using detached vinyl films. The impedance measurements were
made using the new electrode arrangement, with the reference and working
electrodes placed in the same arm of the apparatus, the auxilliary
electrode in the other arm. The detached VROH film exhibited a lower
solution resistance than either VMCH or VYHH and this may be explained
as thin areas of film or as defects, such as conductive phases, within
the film. Both of these would be "measured" by the impedance technique
as being the easiest path through which the perturbing signal could pass

and be observed as lower values of the solution resistance.
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A thin area of film can be represented in terms of an equivalent
circuit, as a "leaky" capacitor; that is a capacitor with a large
resistor in parallel to it. The larger the defect in the film, or the
thinner the film at that area, the smaller the value of the resistor to
be considered and therefore, the more "leaky" the capacitor. This
results in the solution resistance decreasing and in the impedance plot
changing from a straight capacitance line to a more semicircular shape.
These changes in the impedance plot may also be attributed to
differences within the polymer itself, assuming it to be of 2 uniform
thickness. Kendig and leidheiser <25> proposed in figure 1.1, that a
polymer contains areas of conductive and dielectric phases. The
conductive phases may be represented by resistors and the dielectric
phases by capacitors. The impedance response of a film consisting of
this type of polymer structure, would be the same as for a film of

uneven thickness.

After the creation of a pinhole in the detached films, it was
observed that orange compounds (presumably the iron corrosion products)
passed from the arm containing the working electrode, into the other,
down a concentration gradient. The ease of passage of the solution and
ions between the arms, was reflected in the impedance data obtained from
these experiments. The solution resistance of the system fell by several
orders of magnitude when the pinhole was created. This new, low value of
5 to 40 ohm cﬁz, may be considered to be the true solution resistance of
the sodium chloride solution, which had previously been masked by the
large value of the polymer film resistance. It has been proposed <128>
that for an intact film, the following equivalent circuit may be

applicable.
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Figure 4.11 Equivalent circuit of an immersed polymer film.

The polymer and solution resistances are considered to be separate
entities and can be differentiated when a pinhole is created in a film.
Prior to the pinhole, the solution resistance and the polymer film
resistance in series, are observed as the "solution resistance". Some
function of the polymer film is also observed in parallel with the film
capacitance and is taken, in this work, to be the ionic resistance of
the film. When the pinhole is created, only the true resistance of the
solution is observed, the more resistive path of the polymer being
undetectable by the impedance technique and therefore no longer

represented on the impedance plot.

The shape of the measured inpedance plot was also different after the
creation of a pinhole. Previously, capacitive or semicircular plots had
been observed, but on production of the defect a plot usually associated
with diffusion processes was obtained. From the capacitance values, it
is probable that the impedance technique was measuring the transport of
water and ions through the newly created pinhole only and that again,

any response of the film itself is no longer measured.
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When detached films were exposed to conditions of changing
temperature, variations in the rest potential and the film capacitance
occurred. The solution resistance remained constant, indicating the
continued integrity of the films. Changes in the rest potential occurred
at about the upper Tg of the vinyl films (about 5500). This suggests
that there may be some contribution to the rest potential by the film
itself and that this contribution changes when the Tg of the film is
reached, thus causing a change in the measured rest potential. This may
be explained as follows. On reaching the Tg, the polymer chains of the
film can move more easily and the increased temperature may also lead to
an increase in the free energy of the films. This in turn may allow for
greater movement of the polymer chains <37>. The changes in the
oscillation, vibration and interchain bonding of the backbones, may be
reflected in the value of the rest potential. It is possible that the
polymer film may contribute to the overall rest potential of the
specimen, as it has been suggested <55> that absorption of acetate
groups onto metal, affects the surface potential of the metal. The
extent of the effect, depends on the orientation of the dipoles of the
molecules, as has been reported elsewhere <7>. It was observed in the
experiments reported here, that the capacitance of the films, changed
with variations in the rest potential of the specimen and this may be
the result of increased water absorption into the film, facillitated by
the easier movement of the polymer chains at higher temperatures. Water
may form hydrogen bonds with the side groups on the polymer chains, such
as acetate or carboxyl, breaking the interchain hydrogen bonds in the
process. This would leave "holes" in the polymer network, resulting in
the easier and faster movement of the chains. As the number of "holes"
and the chain movement increased, so the diffusion of water and ions

into the film would be made easier. As the quantity of water in the film
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increased, this would cause an increase in the dielectric of the film

and so lead to an increase in the measured film capacitance.

An examination of the constituents of VMCH and VROH, suggest that
VMCH is possibly less mobile below its Tg than VROH, since the former
contains acetate side groups on the backbone, which the latter does not.
These acetate groups, together with the carboxyl groups also present in
his polymer, may restrict the chain movements by inter-chain hydrogen
bonding and the lack of easy movement caused by their physical shape and
size. It is possible (as noted earlier) that the acetate groups may have
an effect upon the substrate and may assist, in some way, in the bonding
of the polymer to the metal. This would therefore, result in a more
protective film. VROH, which does not have these groups, did not appear
to be as protective as the VMCH polymer, although the lack of bulky
sidegroups on the Dbackbone, may allew VROH a greater degree of

flexibility in the cured state.

4.7 Summary.

Arising from this discussion are a number of important points.
Firstly, +that the impedance technique is able to distinguish between a
protective and a non-protective film. The ability of the technique to
reveal defects within a film, is useful in studying the progressive
breakdown of the coating. It was shown that changes in the specimen
apperance, the impedance plot shape and its resultant parameters and the
specimen rest potential, occurred together in many cases, &allowing
physical processes to be related to the recorded data. The impedance

technique also proved useful in the examination of the capacitance and
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resistance of dry films and thereby provided valuable data concerning
both the rate and amount of water uptake into polymer films. The
electronic conductance of polymer films was also observed using this new

technique.

It was unfortunate that the impedance technique was unable to detect
corrosion processes occurring underneath an intact film, however, it was
noted that the corrosion which did occur, was confined to a few small
spots or to filiform type events and was not extensive. When the
corrosion sites were active for some time, the film was disturbed and

this was reflected in the impedance response.

Secondly, the structure of the polymer appears to affect the
protective abilities of the coating. It was proposed that it is the
number of defects in the film thet determines the time before corrosion
sites initiate and also the "pattern" of the corrosion products under
the film, together with their rate of growth. The three types of coating
examined here, differed in their responses to each of the above, the
acrylic films being the most protective, agar the 1least protective.
Differences between the four vinyl polymers were observed when different

methods of substrate preparation were used.

The protective ability of the film is governed by the number of
inherent defects. These defects can be related to the degree of
crosslinking of the polymers. Chemically crosslinked polymers such as
the acrylic types contain very few defects and were designed by I.C.I.
to give a hard, resistant finish. The vinyl polymers were 1linked by
interchain hydrogen bonding and the structure of the agar molecule is

such that it readily absorbs water into itself and is therefore not a
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protective coating.

The number of coats applied has also been shown to be important, as
it also affects the number of defects within the finished film. Several
thin layers afford greater protection than one thick layer, as defects
in lower layers are covered by subsequent layers, exposing fewer defects

to the environment <53%).

Finally, it was shown that the rest potential of the specimen can
provide valuable data concerning its corrosion state. Its value changes
with events on the specimen and has been observed to be linked to the
shape of the impedance plot. It is however, subject to the same
limitations as the impedance technique with respect to intact films, but
nevertheless, it can give a quick indication of the corrosion state of a

specimen.
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Chapter 5. Conclusions and Recommendations.

5.1 Conclusionsa.

1) The impedance technique is useful in the examination of defects
within a film and can differentiate between defective and non-

defective films.

2) The impedance technique cannot detect the presence of corrosion

which is occurring under an intact film.

3) The number of defects within a film, determines its protective
ability. The number of defects is affected by the degree and type of

croselinking of the polymer chains and the number of coats applied.

4) The method of substrate preparation affects the protective

ability of the vinyl polymers.

5) In the absence of oxygen, corrosion processes can continue by

using hydrogen ion reduction as the cathodic process.

6) The specimen rest potential can be indicative of the corrosion

state of the specimen.
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7) The impedance technique can be used to provide information
concerning the dry capacitance and resistance of a film, using a new

experimental method.

8) Information can also be obtained about the electronic comductance

of the polymers, which is related to their structures.

Recommendations for Further Work.

1) Measure the electronic conductance of polymers of different

constituents and of various thicknesses.

2) Change the ion concentration of the external solution; e.g.

deionised water, concentrated solution, etc.

3) Place solutions of different osmotic pressure in the arms of

the detached film apparatus to study water transport.

4) Monitor the effect of deaerated solution on & number of

different polymers.
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Appendix 1.

D.T.A. traces of the vinylites.
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D.T.A trace for VMCH.
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Appendix 2.
Impedance Plot3.
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VYHH - pinholed, detached film.
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