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ABSTRACT

Corrosion tests were carried out to investigate the effect of small differences
in the composition of steels on their corresicn behaviour when bare and coated.
Tests were performed in near neutral media and using various electrﬂchémjcal
techniques. The steels chosen for the study included two types of steels, namely{ |
mild sieels and low alloy steels. Batches of these types of steels, or{ginaﬁng from
two different manufacturers, were used. As a background to the study, the
electrochemical characteristies of the bare steels were determined.. This included
measuring their polarization resistance, full!polarization curves, and
electrochemical impedance responses. ’I-‘rhe results indicated ﬁlightldifferences in
electrochemical behaviour,

Long term immersion tests of coated Lsteels, low-allay steels and mild steels,
were also carried out fo study the anti-corrosion properties of the coated system in
a solution containing 3.5% wt sodinum chloride, A clear alkyd lacquer of
appmximatelykﬁﬂ um thickness, was chosen as the coating in order to facilitate
the monitoring of the corrosion features. Visual abservatien of the corresion
characteristics of the surface was carried out simultaneously with the
measurement of the corrosion potential and electrochemical impedance
measurements of the coated steel specimens.

The corrosion resistance of the coated steels, immersed in nee;r neutral
solutions, showed small differences in behaviour which seemed o be related to
the microstructural characteristics of the steel. However, no significant
differences were found between the corrosion hehavigur of the two types of steels
used, mild steel and low-alley steel types, with similar inclusicn cnnteLnts. |

Furthermore, cabinet tests with wet and dry cyeles were undertaken on

scribed specimens. Two sggressive atmospheres were used in these tests. In one



test the corrosion performance of the steels with larger hetemgenei‘ty flzi;llnténts '
was superior to that of the steels with less inhomogeneities. Ilowe{rgr, the_'gther'
test did not distinguish the various coated specimens in terms of _théir cur_rggion
kehaviour, |

In prder to elucidate the phenomena nccﬁrﬁné at the coatiﬁg~sulﬁstrate
interface, Auger Spectruscupy-and XPS analysis were performed-on coated
specimens after the test was terminated. The identification of aggressive ;.spec:ies
and products of the corresion process at the interface was possible through thel.-.
use of these two techniques, There was some indication that the delamination

was a result of the cathodic process around the anedic site.
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CHAPTER 1

PRINCIPLES OF CORROSION AND CORROSION PROTECTION BY
ORGANIC COATINGS '

1.1 - Infroduction

The corresion of metals may be defined as the depradation of the metallic
material through chemical or electrochemical reac{;inns of the metal with its
environment™). The physical and chemical properties of the producta of these
reactions are important since they may both influénce the subsequent rate of
metal disselution. If the corresion products formed are adherent, -l:umpact. and
pratective, the corrosion rate will slow down or eventually stop. However, most of
the corrosion preducts are soluble and form away from the metal interface, so
that, they cannot provide effective protection. Thus, the metal in a correding
environment continues to digsolve until it is consumed, or until it loses its
mechanical properties.

The cost of corrosion, including measures for protection against corrosion,
iz very high in any industrial country. It is estimated to be around 3 % of the
Grosa National Produet. Besides, corrosion causes a waste of natural reacurces,
pellution of the environment and may have deleterious influence on metallic

structures and on the safety of people'’

. Corrosion control can be achieved by
various methods. These include modification of the environment {using
scavengers, inhibitors, ete), modification of the metal (by addition of alloying
elements or heat treatment), modification of the electrode potential
metalfeorrosive environment (by cathodic or anodic protection), and mntdiﬁcatinn

of the metal/fenvironment interface (by the application of a protective coating on

the metal).



The present study is concerned with the effect of miner alloying elémtj:nts
on the corrosion behaviour of steel substrates, bare and coated, and under various

testing conditions.

1.2 - Principles of the corrosion of mild sieel and low-alloy steel

Carbon steel and low-alloy steels as a group represent by far the most
widely used structural metgllic materials due to their availabihty at low cost,
combined with their excellent mechanical properties and ease of fabrication.
Unfortunately, carbon steels are not very resistant te eorrosion, reacting rapid:y
with oxygen and water and forming a non protective corrosion product.

Althongh unalloved steels corrode at high rates in aggressive atmospheres,
the presence of only a few hundredths per cent of copper has a large effect in
lowering weight losses. Copper additions over 0.2 %, however, are less effective.
In the case of steels alloyed with nickel, copper additions up to 1 % are decidedly
helpful in inereasing atmospheric eorresion resistance. Chromium is especially
helpfizl in deereasing the amount of corresion ur:curring'during long exposure

1:-+.a~riuu:1s'[2"l

. For particular applications, the use of reduced weight of the low-alloy
steel, combined with its high strength can narrow or eliminate the difference in
total cost between these steels and carbon steel.

There have been only very few systematically designed programs to
investigate the effect of alloying elements on the corrosion resistance of bare steels
to aqueocus solutions. Far less is known about the effect of minor alloying elements
in diverse steels on their corrosion bghavieur when coated and under fully
immersed conditions.

The corrosion of steel in aqueous solutions consista of two main reactions,
the ancdic oxidation of iron and the cathodic reductien of non metallic, épecies‘aj_

In agueous environments the predominant corrosion procese is electrochemigal,

that is, metallic wastage oceurs by anedie dissolution'®. The same is also true for



the corrosion of metals in moist air, The hasic corrosion mechanism is similar in
bath situations.

Thermodynamic considerations offer fundamental predictions about Ithe
possibility or impossibility of a corrosion reaction. However, they are only
applicable to chemical or electrochemical systems when these are in Eqﬁilibrium,
Ne¢ information is thus piven ahout the rate at which a cnrrnsian- Teaction

proceeds.

1.2,1 - Potential-pH diagrams

The equilibrium of a vorresion reaction is determjined by two important
factors, the potential and the pll of the electrolyte to which the metal ie exposed.

A very vsefil form of presentation of both, the potential dependent and pH
dependent equilihria, was produced by Pourbaix'” in the form of B /pH diagrams,

often called Pourbaix diagrams. In these diagrams, the two parameters Ey and
pH are pletted for the varicus equilibria on normal cartesian coordinates with 1,
as vertical axis or ordinate, and pH as horizontal axis or abs;':issa,

In the Ey/pH diagram the two reduction reactions, hydrogen evolution and
oxygen reduction, are represented by sloping lines, and they are shown in the
diagram of Figure 1.1 as the lines (ab} and (cd). Hydrogen evolution is possible
only at potentials below the line (ab), and only above the line (ed} is oxygen

reduction possible. So there is a domain of the Ey/pH diagram in which the

electrolysis of water is not thermodynamically possible.

The EglpH dingram for iron

While iren can dissolve to Fez", iron can alse undergo other reacfions with
water. In order te account for all the likely corrosion phenomena, it is necessary

" to knaw what products are possible.



The full diagram for iron is quite complex, since many equilibria are
involved, but fortunately a usefizl simplified diagram can be obhtained from a

consideration of the following equilihria'.:al:

G Fe = F& o+ % | SRy
G) Fe?t + Bt 4+ @ ©{L2)
i) ¥e¥* + SQHY o FeOH), + ¢ (1.3)
Gv) Fe*™* 4+ 3H,0 « Ye(OH), + 3H' (14)
() Fe + B8H,0 + TFe(OH)y + BSH' + 3¢ (1.5)
i) Fe  + 2H0 « F[eQH + 3H" + 2¢ (1.6)
Vi FeO T + H,0 « FelOH, + ¢ . A7)

2 ———

+1.G

+1,2

+0.8

40.4

0

0.4
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Figure 1.1 - Simplified E/pH diagram for Fe-HqQ".

Although the cxtension of the thermodynamic treatmont to inelude the

effects of pH represents a considerable advance in the search for a general theory

of corrosion, it is important to acknewledge the limitations of the Eyg/pH

‘diagrams, The following limitations apply{m:



{1) The thermodynami¢ approach excludes kinetic data.

{2) Only those equilibria concerned with metal in conjunction with water
are used, s¢ that only the hydroxyl ien (OH) is considered as the precipitathé 0T
complexing ion.

{3} Although the domain associated with the metal hydroxide is classified
passivity, the hydroxide precipitule may out always provide a protective film,
particularly if precipitation does not occur at the metal surface. Even in'those
cases where protection is afforded by a hydroxide film, subsequent changes in the
environment may cause film failure and consequent corrosion.

{4) Highly localized pH changes at the electrode surface can occur as the
result of several reactions involving the production of hydrogen ions (H') o
hydroxyl ions. Since these may not greatly infinence the hulk pH, predzctmn of
behaviour based upon bulk pH measurements mey be quite misleading.

() The diagrams are derived from lnown reactions hetween pure metals
and pure water. In practice, corrosien problems arise from water containing
dissolved salts and the additional reactions that do not occur on'a pure metal.

Much mere important, particularly in the case of corrosion, is a knowledge
of the rates at which reactions proceed in practice, and the thermodynamic data
represents only partial information about the reaction rates. The corzosion rates

are in the domain of electrode Kinetics.

1.2.2 - Electrode kanetics

The surface of a metal i in general anisotropie, because the manufacture
and working of the metal distorts the metallic lattice. It allows that areas or sites
in the surface are made anodic in relation to others, which are cathodic. The
presence of an electrolyte on the surface gives rise to an electrochemical eell. The
corrosion of iron and steel in the presence of an electrolyte solution is

slectrochemical in nature™®>,



There are two directions in which an electrochemical reaction can proceed.
At an anodic site iron leaves the lattice as ferrous ions, becomes solvated and
moves awey from the surface. This involves a loss of eleetrons, for example, _in ;;hn
case of iron: |
Fe - | + 2¢ | (1.8)
and this is known as an oxidation process. The transfer of 2 electrons in Lequation
(1.8} i3 not likely to occur at once. It has been suggested that this reaction might
invalve two steps®>:
Fe —+ Fe' + g (r.d.s.) (1.9)
Fe' - Fe* 4 & | (1.10)
The equation (1.9} is considered the rate determining step (r.d.s.). The
ferrous ions and hydm;}rl. iong concentrations, have a}lsl} been found tﬂ affect the
dissolution of iron, and the moest probable mechanism for the iron dissolution has

been suggested as -

Fe + H0 + FeOH + H' + ¢ - {1.11)
FeQOH — FeOH? + e (r.d.5) (1.12)
FeOQH' + HY + P + HO (L13)

For this reaetion fo take place the electrons released must travel through
the metal to a cathodic site where they may be discharged. The reaction which
takes place at the cathode consumes the electrons penerated as a result of the
anodic reactions, and it is known as the reduction process.

The two most common cathodic reactions are:

{1} - the hydrogen evolution reaction;

In acid solutions, the overall reaction is given by:

250" +  2¢ -  H, + 2H0 (1.14}
and in neutral or alkaline solutions by:

2H,0 + 2 - - Hy + 20H “ {1.15)
(2) - the oxypgen reduction reaction;

In acid solufion, the overall reaction 18 expressed as:



0, + 4H0" 4+ 4d& — 6HO (1.16)

and in neutral or albaline solutions as:
0, + 4 + ZHO -  40H (1.17)

The hydrogen evolution reaction occurs mainly in acid solutions, but
sometimes aise in strongly alkaline solutions. Inm neutral or mildly alkaline
solutions the reduction of dissolved oxygen is more likely, provided that oxygen is
available at the metal surface.In the hydrogen evolution reaction, the activation
polarization dominates bath, the anodic and cathodie processes. Concentration
polarization is however observed for the oxygen reduction reaction, and this is due
to the limited solubility of oxygen .in water and in aquecus solutions. Cerrosion
rates in these media will therefore, as a rule, be limited by the diffusion rate t:;f
oxygen. [f diffusion of dissolved oxygen determines the corrosion rate, we have a
case of pronounced cathedie control, sinece, within certain limits, the corresion
current will then be independent of the slope and position of the anodic
polarization curve. |

After the ferrous ions have become solvated, they mwe- away from the
anodie areas and reaet with solvated hydroxide ions from the cathodic areas,

according to:

Fe®*  + 200 ~+  Fe{OH), (L.18)

which is a white precipitate of relatively high solubility (1.64x10%g.dm™®. In the

presence of oxygen in solution this is oxidised te hydrated ferrous hydroxide,
FeO.0H, which is sometimes written as Fe,05.H,0.

"FelOH), + 120, —= FeOOH + O {1.19}
Fe,04.H,0 is known as rust and is highly inseluble (4.8x10°° g.dm®f®,

The composition of what is described as rust can vary mnsiderql.ﬁly, but it

always contains lepidocrocite, v-FeO.0H . Although the solubility of the hydrate

ferrous hydrexide is verv low, the precipitate, orange in colour, is formed well



away from the metal surface, and cannot slow down the corrosion reaction by

hindering the movement of ions or uxygenm.

1.3 ~ Atmospheric exposure of steels

Stec! surfaces exposed to the atmosphere are subjected Lo similar conditions
to those exigting in bulk solutions. Oxyger is available from the air, and anodic
and cathedic areas are present on the surface. There exists a critical humidity
below which corrosion is negligible and above which the amount of atmospheric
corrosion increases considerably. Steel does not rust at a relative humidity of less
than about 80 %. However at relative humidities greater than that , the steel
surface is covered with a thin, usually invisible film of candensed or adsarhed
water'?,

The polarization bekaviour of metals covereq witk thin films of selutisne
indicate some sipnificant differences from the bulk seclutien behaviour. The
change in cathodie polarization is very important. The oxygen reduction reaction
becomes much easier. This meang that the thin film is capable of sustaining a

significantly faster reacitic-n than bulk solutions'®.

The presence of impurities in the atmosphere, particuiarly dust and’
sulphur disxide, affect the atmospheric corroaion of steeis. if the metal is covered
by solid particles, such as dust, dirt and soot, moisture and salis are retained fora
longer time'®, Sodinm chloride is an impurity which is presgent in any marine
atmosphere. This and many other contaminants euch ag ammonium sulphate,
will not only dissnlve in the water and increase the conductivity, but ehlorides
may also interfere with pasgivation processes. Chlorides are prone to initiate
lqcalized attack resulting in pit, which may become quite deep, sometimes

resulting in complete perf‘nrati.un{m.

The corrosion products formed on irenm and mild steel when exposed to

“industrial atmespheres are usually rich in sulphates. Even in areas of high

8
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atmospherie chloride contamination, it is still common te find that the major part
of any corrosion product is sulphate. This is because rain will dissolve the

relatively soluble chlarides leaving behind the less soluble sulphates™. The role of
50, on the mechanism of atmospheric corrosion has received much attention.

Theare are twe main proposed mechaniemas. IMrat, the electrochemical eyclé{m}, in

which iron is gradually incorporated into st (FeCQ.OH):

Fe - Fe™* + 2 (1.20)
Fe™ + 8PeOOH + 2 o 3Fe0, + 4H,0 (1.21)
3Fe,0, + 0750, + 45H,0° < 9FeOOH (1.22)

Secondly, the acid repeneration mechanism involving a sequence of

reactions followmg the oxidation of 50, to 5Oy, and its dissolution in water:

Fe + H,80, — FeS0, - Fey(SC,); ~ FeO.0H + H,S0, (1.23)

Acid regeneration is considered to occur very slowly by comparison with the
electrochemical cycle. Ingcluble sulphate is formed and gradually removes FEZ-J*
and SDf' from the liquid™. The ferrous ions produced at the anodic sites are
oxidised to ferric ions by atmospheric oxygen and the resulting rust being porous
and leosely bound to the surface, does not protect the steel surface from further
corrosion.

Weathering steels, however, are known to develop a protective rust in
mildly industrial atmas;ﬂr'lere, and therefore would not need painting. The rust
that forms on the surface of such steels has been described as an amorphous
rust’*t’, It seems that the protectiveness arises from the effect of the alloying
elements ir: causing rapid nucieation of rust in the thin layers of water molecules
that are on the surface, The processes occurring in a very thin 1ayei' of water
malecules, produce Fe?* and OH ions, which interact with each ﬁthe:: ‘because

they remain close to the stee] surface, and it would account for the amorphous

nature of the FeD.OH. This explanation is consistent with the fact that these steels



develop protective rust layers only under the conditions specified, that is covered
with a few layers of water molecules, Immersed in agueous solutiens, such steels
do not seem to present very distinet differences in the corrosion rates when

compared te mild steel.

1.4 - Corrosion of coated metals

The corrosion of a metal beneath a polymerie coating iz an electrochemicar
process that follows the same principles of corresion of a bare metal. The main
difference is that the reactants often reach the metal thrﬂugl'i a solid, and in the
early stapes of corrosion, i}he small volumes of liguid invelved, result in high
values of pH and lon concentration.

The total corrosion process, according to Leidheiser''?

, can be divided in
the following eomponents:

{1) - transport through the coating of water, oxygen, and ions;

(2) - development of an agueous phase at the coating/metal interface;

{3) - activation of the metal surface for the anodic and cathodic reactions,
and; .

{4) - deterioration of the coating/metal interface bond.

Coatings generally m;'lt.ain defects and the corrosion process is bounded to
start at the defective point. Iron disselves at these points, that act as anodic sites,
and in the case of neutral solutions, hydroxyl ions are formed at local cathodie
sites. As rust I;uilds up on the steel substrate, the pern;eatiun of oxygen through
the rust layer becomes more difficult, and the site of cathoedic reaction Ehi‘fts to the
periphery of the rust layer. The local high pH- g.en;arateJ in the*cathudi'c gites, at
the periphery of the rust layer, disrupts the bonding hetween coating and the
substrate with a subsequent penetration af'eiectrulyte enlarging tlhe area
available for the cathedic reaction. Figure 1.2 illustrates schematically the

corresion processes taking place in a defective coating exposed io & corrosive

10



environment"¥. The pH at the periphery of the rust can be very high (12 to 13).
The advancing frant of adhesion loss, in the next growing stage, is considerably
ahead of the corrosion development. Blistering and further corrosien results a.nd,
finally the film breaks down followed by rmore severe corrosion,

Three major factors that affect the tendency of a coated metal to corrode
are: (1) the rature of the pubstraie metal,

(2) the character of the interfacial region between the coating and the
substrate, and

(3) the nature of the coating.

14,7 - The nature of the substrate

Many authors"*® have studied the inﬂuer;l:e of the substrate on the
carrosien behaviour of the coated system. They worked with metals of very
different electrochemical properties and concluded that the corresien
performance of these painted metals was dependent on the nature of the
substrate, .

Tomashov and co-warkers'™*’ tested the electrochemical behaviour of
platinum, copper and iron coated with very thin (1-4 pm) inswiating films, and
cencluded that the eiectrochemiecal nature of the metal is one of the deciding
factors determining the initial deterioration of the insulating film. The rate of
film deterioration was observed to increase with the more active electrode
potantial of the metal, in the order, platinum, copper and iron, The same anthors,

in a latter paper{l‘r”

, stated that the eiectrochemical nature of the metal proper hias
very little effect on the stability and integrity of the coating when the metal surface
is coated with insulating fiims without defects, The non-defective Hlm would
eliminate the possibility of the penetration of the aggressive medium t:ul the metal

surfaece.
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However, it is well known that perfect coatings sre non-existent in practice,
There are always small regions where the organic coating is not in contact with
the ‘uﬁetal, and during the service hfetime of the coating, accidental defects are
intreduced into the coating. If the reactants are avaliable, the corrosion reaction
can occar and the electrochemiczl properties of the substrate are important in the

corroglien reaction proceading under the organic coating.

0, H0 0. H0 * Solution

. . Coalin
N N N 5] OH rryNy.. .

E:H W Subsmrate

: Oy, B0 0, 1,0 Solution
|
! Coating

: A LY OH" OH" s ror
1
(t) N A Subsrale

Somation

1 . o

- Figure 1.2 - Schematic dizgram ol corrosion processes that takes place in coated steel
exposed to corrosive anvironments. {a) Initially iron dissclution and oxygen reduction
cectrrs 5t adjacent and similar sites; further in the proocess, rust deposits, leading te the
separation of cathodic and anodic sites and cavsing paint adhesion failure, (b) and (c)18%,

Walter''™ measured the immersion time taken for the resistive and
capacitive components of sample impedance to reach seiected values, of paint
films (25 pm) on steel, galvanised steel, Zn/55 9 Al coated steel, and aluminium

immersed in 5 % Nall solution at 50 "C. He concluded that the corrosion

12
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performance of the painted metals was directly related to the corrosion resistance
of the unpainted substrate, Kittleberger and Elm‘!” alse concluded that the
nature of the substrate was responsible for n;arked differences in the
susceptibility of coatings to blistering. Differences in adhesion of the i:taint_.
coatings to the substrates tested were held responsible for the relative res-isi':ance to
blistering. The substrafes used consisted of steel, duralumin, zine a.t;d Flass,
painted with zine chromate primer plus a top coat of an alkyd paint.

Millex"'® working with an acrylic coating on aiuminium, iron and steel,
showed that the reactivity of the metal substrate and the type of corrosion product
formed had a great influence upon the life of a protective coating, After 1000 hours
test in salt spray the coating en aluminium was in good condition whereas the
garme poating on iron and steel panels was hadly deteriorated. Ktm-l'ller‘(_iBll studying
the cathedic disbondment of protective crganic coatings, chserved that the type of
coating and the type of subsirate had ar influence upor the cathodic disbondment.
Ar opleoresinous coating on steel disbonded after immersion in ‘ammnnium
hydroxide solution, however an epoxyphenolic coating on the same steel was not
similarly disbonded. The oleoresinous coating remained firmly attached on
tinplate after 24 hours exposure, but was disbonded on steel after only 4 hours
Immersion.

Different metals have been found to show remarkable differences in the
catalytic properties for the cathodic reaction that ecccurs in mildly corrosive
environments, namely the exygen reduction reaction,

HO + 120, + 2¢ - 20H (1.24}

Aluminium, for ex:.-‘:mple, behaves as a very poor catalyst; tin as a moderate
catalyst; and copper, iron, and zinc as excellent catalyst for this reaction. The
cathodic reaction is the critical reactior in cathodic delaminatien. Aluminium is
thus considered as a good sr-lhstrate. for paint for those situations \.l.'rh;re the
cathodic reaction is the major mode by which the system deteriorates'™. It hag

been pointed out?" that minor addition of alloying elements to carbon steels affect
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the corrosion performarnce of their coated systems when exposed to apggressive

atmospheres.
The nature of the substrate has aleo been found to affect the rate of water

(24,26,27) observed that

transmission through a cuaﬂng{ﬂﬂ'au}. Many investigators
films attached to a glass substrate absorbed less water thar in the free cuﬁditinn,
However, Funke and co-workers 2 found that in zome cases the a;Jnnunt of
water absorbed by attached films can be higher than that of free flms. This
difference in water absorption was attributed to the accumulation of water at the

22} compared the water permeability of

film/substrate interface., Holtzmann
adherent and free filmma hy capacitance measurements and found that the water
permeability of the adherent fiims was slightly lower than that of free films. The
values of water uptake of supported Alms may however be higher than those
corresponding to free films if water is allowed to accumulate at the film/substrate
interface™>2

D'Alkaine and collaborators™® found that the water content of attached
epoxy-chromate coating on steel are higher than those of free films. The water
content for Alms attached on glass was, however, of the same order of magnitude
as of the free film. The substrate also seems to affect the transmission of ionic

species through the coating. Murraym”

compared the absorption of chloride ionsg
by an epoxy polyamide free film with the same ceating on an aluminium
substrate, and found that the diffusion coefficient was always higher for the film

32} chowed that the

on the aluminium substrate. Kendig and cellaboratore
corrosion of the substrate enhances the development of parallel paths of ionic
conduction in the coating.

The nature of the substrate also plays an important role in the ahility of a
coating to maintain adhesion upon contact with an agueous envirpnment.
Walker®? studied the adhesion of polyurethane and epoxy pelyamide ;:uatings

te aluminium, cadmium, copper, mild steel and zinc after exposure to & water

spray atmosphere. His data showed that the pehaviour was a strong function of
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the metal as well as the coating. The water spray reduced the adhesion of hoth
types of coatings to cadmium, steel and zine; it had no effect on copper coated with
polyurethane but there was a major reduction for copper coated with the epoxy
paint; and the adherence improved in the cases of both coatings on aluminium.
The nature of the scbhstrate was also found fo affect the resistance of films

@5) ohserved corrosion on D areas of an alkyd film

attached to it, Mayne and Mills
when exposed to potassium chleride solution. The resistance of these areas-when
attached to an inert substrate, platinum or passivated iron, was found to be one to
two order of magnitude higher than those attached te mild steel. The substrate
presented no effect on the resistance of I films, The high value of resistance of the

filing attached te an inert substrate was attributed to a more difficult ionic

diffusion in supported films.

1.4.2 - The nature of the metalicoating interface

It is very difficult to characterize the metal/polymer interface because
different metals exhikit different surface chemistries and morphologies, and
different polymer have, among others, different types of polar groups, different
degrees of cross-linking, elemental compositions, chain segment lengths and
different amounts of reactive groups. Coating components such as pigments,
wetting apents, liguid compenent (solvents), anticorrosive components and other
additives, may add furthffr complication because some of these components may
be present at the interface and play a role in the interfacial chemistry™®.

The metal/enating interface region consist however of the metal, a thin
oxide film, the organic coating, and perhaps a water layer. Due to lack of
sufficient experimental information, the bornd between the organic ceating and

the substrate however is not characterized quantitatively. Another quesfion that

still remains to be answered is what happens to the nature of the bond when
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water penetrates the coating and becomes available for adsc-rpti-nn or reaction at
the interfacial regiunum.

it is balieved'? that many coatings stand aggressive environments for
many years, without serious deterioration, because aqueous-phase water does not
form at the metal/coating interface. It is only when an agueous phase capable of
supporting the electrochemical corrosion reaction is present at the interface that
the corrosion reaction ¢an occur, Upon exposure to the atmosphere, a steel
surface, propared either by pickling or other chemical or mechanieal treatment,
heeomes instantly coated with an oxide, 1-3 nm in thickness, in which beth
divalent and trivalent iron ions can be present. Surface cemsgtituents can be
detected by X-ray photoelectron spectroscopy. The characterization of the metal
surface before the application of the coating has been largely studied®*?". There
khas been however few studies on the chemieai nature of the intact organie
coating/metal substrate interfacial region, because of the difficulty in devising
experimental technigues to make such study.

37} concluded that surface contamination, mainly

lezzi and Leidheiser
carbon, i an important factor in the varniable paint performance observed. Iis
presence on localized :’:‘treas interfered with the formation of the zinc phosphste
pretreatment. Nitrogen was also ofien detected, and fluerine was detected after
.immersion of steel in finorinated water. Alloying agents such as manganese,
sulphur and silicon, at the surface of the steel, are not covered with an iren oxide
and consequently are detectable as surface constituents by Auger spectroscopy.
'fhe coating is normally applied to such a surface and tne alloying constituents,
embedded abrasive and grain boundaries, provide many minute erevices and
fissures which high melecular weight polymers and low surface energy
materials are not able to wet compietely on a nunometer scale, The meta'/organic

- goating interface is thus likely to have non-bonded areas in which, under proper

¢onditions, agquecus phase water can nucleate. Material with high surface
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contamination fails much more rapidly than material with low surface
contamination'®”, |

Ritter and Kruger™®® found that an oxide exists at the interface and that the
optical properties of the interface change when cathodic delamination or
corrasion occurs. Leidheiser and Funke®® stated that non-bonded areas at the
interface can be originated by three major seurcea: voids or flssures in the metal
surface; voids resulting from the lack of complete wetting of the metal by the
polymer; and dynamie voids that resu't from the making and breaking of surface
Londs by segments or polar groups in the polymer. Large voids can be detected by
optical studies of transparent coatings or Inicroscopic &xamina:tiun of cross-
sections.

The develupment. of new technigues for studying the intnrfg;:ial region
between the metal and the organic coating, is thought to be of considerable
impaortance to major advances in organic coatings for corrosion protection. The
oxide at the interf.ace is the catalytic surface for the oxygen reduction reaction, it
is also the medium through which the electronz are supplied for the oxypen
reduction reaction, and it provides the bonding which results in the adherence

between the coating and the metal*®,

143 -The natare of the coating

Since corrosion is an electrochemical reaction involving anodic and
cathodic reactions, transpert of electrons, reactants and products, the
suppression of any of these processes can be used to econtrel it. The protectien
mechanism offered by organic coatings is mainly a barrier effect. Thus fer
erganic coatings to be effective, good barrier and good adhesion properties are
reql.n'.re-:i'["':LJI . The barrier membrane properties of organic coatings are depsndent
on the fellowing properties:

-the electrical resistance,
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-the permeability to water and water vapour,
-the permeability to oxygen, and,

-the permeahbility to lons.

1.4.3.1 - The electrical resistance of organic coatings

One of the earliest and widest work invalving estimatinﬁ of resistances of
organic coatings, was the work of Bacon, Smith and Rugg{'m}. They studied the
resistance of over 300 organic coatings applied to mild steel, and found ocut that the
resistance of the coatings as a function of time, was directly related to the
protection confered. Good protection was observed when the ceating resistance,
chtaired by d.c. resistance measurements, was greater than 168 ©.em?. For
coatings with resistance in the range of 10° to 10° !lcmﬂ, the hehaviour was
variable, and poor protection was always oheerved when the d.c. resistances were
less than 10%Q.cm®. Figure 1.3 shows a schematic representation of their results.

(35,43-48) studied the relation between corrosion behaviour and

Some authors
d.c. resistance of organic coatings. Mayne and Mills(BE"*a"“f} found that the d.c.
resistance of free films is not always a good indication of the corresion
performance of the coated system, whereas a good correlation between the
corrosion behaviour and the d.c. resistance of attached films seems to apply.
"These authore suggested that the d.c. resistance of attached films include both,
the polarization resistance of the substrate®’ and the d.c jonic resistance of the
coating™®. They measured the d.c. resistance of coatings and found that different
areas of a film exhibited distinct resistances™". Corrosion was cbserved at areas
of low resistance in the film (105-10° .Q,cmi}, but no'corrosion was seen when the
coating resistance was of the order of 10*® .em? or greater, The areas of low
resistance were called D-type behaviour areas, and the conductance of Eh:ia film in

these areas showed a direct relation to the external solution conduetance. It wag

suggested that it is the initial breakdown under the D-areas wkich leads to the
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observed corrosion. In their work, films with thicknesses in the range 25-40 um
were generally used, but sometimes coatings of thicknesses up to 75 pm were also
analysed. They pointed out™ that thickening the film reduces the chance of

finding low resistance D-type areas, Leidheiger™4®

also suggested that the
boundary between the ahsence and presence of corrosion is of the order of
107 Q.em®. Corrosion rates would be low for coatings whose d.c. electric

resistance is greater than 107 Q.em®.

1.4.3.2 . The transpaort properties of coatings for water, oxygen and ions

The corrosion reaction underneath the coating generally invelves the

cathadie reaction:

H,0 + 120, + 2¢ - 20 a2

Thus, oxygen and water are required to be present at the interface, along
with ienic constituents that provide sufficient conductivity in the interfacigl
region to permit separation of the anodic and cathedic regions. All erganic
coatings allow the passape of water and oxygen at a rate which differ with the
coating system.

The diffusion coefficient I}, the permeability coefficient P, or the flox J
through the f£lm, provide the characferistic transport properties of coatings, The

diffusion coefficient is defined as the constant in Fick's first law of diffugion:

d¥dt = -D(dC/Hdy) (1.26)
where dJfdt 318 the flux per unit time,
and dC/dx is the change in concentration with distance in the x
direction.

The permeability is given by the product D x &, where 8 is the éﬂlubility
coefficient of the diffusing species in the film. The flux, dJ/dt, is the actual mass

transported across the film per unit time®?,
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The equilibrium concentration of water in a coating exposed to 100 %
relative humidity is generally in the range 9.5 to 3 %6, The flux of water thrnuéh a
free film 100 um thick is typically of the order of 1-10 mg.cm 2. day’ for many
classes of coatings. If the same value applies to & coating on a metal, it can E;asilg.r
be seen that the flux of water through the coating is not rate-determinigé in the
corrasion process. The rate of oxygen migration through a epating is generally
much lower than that of water. In some instances, it has been shown that the
flow of oxygen increases with the water content of the film, probably because the

water acts to swell the polymer'*".
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Figure 1.3 - Schematic representation of the corrosion property
of organic coatings as related to their electrical resistance!??’,

"The permeability of organie coatings to water, water vapour, and oxygen.

(48.54)

i
Much has been written eoneerning the role of permeability of coatings

(61,62}

to water and oxygen in corrosion control by orpanie eoatings. Mayne showed

that erganic coating films are so permeable to water and oxygen that they cannot
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be the rate limiting step of the corrosion process under organic coatings. He also
concluded that in the ahsence of inhibitive pigments it is the high electrolytic
resistance of organic coatfings that delays corrosion. Available evidence'2248-50)
however, indicates that although the water permeability of organic coatings is
generally higher than that necessary for corrosion to proceed, the oxygen
permeation rate through the coating may be within or lower than that récognized
for corrosion reaction of unpainted steel, These findings indieated that oxygen
permeation may or may not be the rate limiting step which controls the corrosion
pracess of coated steel®®.

The water permeability of homogeneous organic coatings is controlied hy

two concurrent processes, absorption and diffusion®®,-

Absarpﬁorn of water by organic coatings

Ahsorbed water melecules accommodate in the spaces within the
structural matrix of the coating, and therefere, the absorption of water is affecte-:-i
by the structural features of the coating®>®*®, Availahle evidence indicates that the
absorption of water tends to increase with increasing polymer polarity, and
decreasing cristallinity and cross-linkage™®.

The effect of osmotic pressure of the solution on water abserption has been

d{IT,ET,ES-}_ It

considerably studie was generally found that the amount of water

absorbed varied linearly with water activity for solution with water activity below

0.8, and above this value there was a substantial increase in water ahsurptiun{‘m.

(58) wop

The foilowing explanatien for this phenomena was offered by Mayne
- solution with water activity below about 5.8, the water is evenly distributed
throughout the polymer. When the solution water activity is greater than 0.8,
water tends to accumulate at the lonogenic sites in the coating and, eventually, for

water activities appreaching unity, the coating turns milky, in which case water
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would have been separated as a secend phase visible under phase-contrast
microscope.

‘: The absorption of water is aiso affected by an electrical potential gradient
that may drive water through a capillary or membrane under its influence. This
phenomenon is known as electroendasmosis. Tests by Kittelberger and Elm
showed that over 90 % of the water absorbed by a linreed of® type coating under the
influence of potential and coneentration pgradient was iransferred by

electroendosmotic force.

Permeation of waier through organic coatings

Water permeation is known as the continuous movement? of absorbed water
molecules under the influence of driving forees such as concentration or potential
gradient, The permeation of water through organic coatings is thus g diffusion
Process.

In a steady state, if D is essentially constant and independent on
concentration, the permeability of water through coatings, P, will be given by the
product D x 8, where D is the diffusion ceeflicient, and § is the solubility

1 i

coeft'"i-::ient of water in the film'?)

. The transpnri. of water moiecuies thmugh
coatings oceurs by random migration through the spaces between chain-
segments, eo that it ie affected by the structure of the polymer. The structural
features wkich affect water permeation are basically the same as for water
abserption, polymeric polarity, crystallinity, cross-linkage, and chain stiffness™.
Water and water vapour permestion can also oceur via capillaries which

exiat in the cross linked molecular structure of the coating. Water permeation for
different coatings in sodium chloride was ohserved to follow Fick's diffusion
.- equation, and the permeation rate was inversely dependent an coating thickness

ard directly proportional to exposure times'™™, The diffusion coefficients of water

in coatings was observed to increase with water content for coatings absorbing
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more than 5 %, and it was attributed to the swelling and plasticizing effelct of
water or the polymer. Coatings only capable of absorbing less than 5 % water
showed diffusion coefficients easentially independent on water content or relative
humi@ity{ﬁm. Water permeability generally increases with the relative humidity of
the surrounding environment or water activity of the solution, and this is
attributed to a higher absorption of water at higher relative humidity, The
absorbed water is believed to facilitate the permeation of water by increasing the
mobility of chain segments and reducing the rigidity in the structural mairix of

the coating®V,

Permeation of oxygen through organic coutings )

The oxygen permeation rate for dried and homogeneous films, was found to

vary linearly with the reciprocal of film thickness for various coatings'®*°%, The

inerease of pigment concentration led to a distinet decreasing in the rate of oxygen

diffusion™®,

The permeability of organic coatings to ions

Although organic coatings do not prevent water and oxypen from reaching
the metal substrate, they still prevent corrosion by interposing a high eleetrical
resistance path between the cathodie and ancdie sites. It is termed resistance
inhibition'® %5,

The electrical current across organie ¢patings with ne inhibitive pigments,
is believed to consist of a flow of ions, since a mechanism of electrical conduetion
involving electrons is almost impossible for these types of coatings. The electrical
resistance of organic coatings is thus contrelled by the mechanism of icnie
permeation through paint films. A linear relationship between the diffusion rate

4
of sodinm chloride and the reciprocal of the resistance of the film was found,
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supggesting that the electrical resistance of & paint film {5 directly related to the

permeation of ions®%.

Permselectivity of organic coatings

Permselectivity of organic coatings is generally attributed to the ionogenic
groups within the polymer, which render the film selectively permeahle to jons of
opposite charge. When paint films are immersed in water or solution of
electrolyte, they take up a charge. The mest common ionisable group in organic
coatings is the carboxy! group, consequently the paint films are selectively
permeable to cations. With appreciable amounts of polyamides or similar
material, however, the_polymer takes up a positive charge upor immersion n
aqueous splutiens'®.

The characteristics of permselectivity of organic coatings, and the
relationship between the concentration of external sclution and ionie diffusion
eoefficients, have been demonstrated®®. Available evidence®*% indicates that
ions permeate through paint films by an ion exchange mechanism. Maitland and

64} sheeryed a slow change in the electric resistance of paint films and

Mayne
associated it with the ion exchange between the cations from the solution and
hydrogen ions from the carboxyl groups in the paint films. This finding was also
confirmed by Cherry and Ma}rnetﬁs}.

A negative cerrelation has been shown between the ions exchange capacity
and the cerrosion prutec'tinn efficiency of organic coatings®®®7) Coatings with
high ion exchange capacities showed poor forrosion profection and vice-versa'®®,
The d.c. resistance of paint filmg of high ion exchange capacity was also found to
drop rapidly when compared to films of low ion exchange capacities. The
presence of pigments in the coating also affects the efficiency of corresion
protection, but for coatings with a same type of pigment and at the sa£ne volume

concentration, the ion exchanpe capacity is believed to be the defermining factor
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for rank order of ¢orrosion prolection efﬁciencymﬂ. The ion exchange capacity of
alkyd and pigmented 2lkyd when exposed to a corrosive environment (5 % NaCl in
a EaI]E gpray chamber), was determined by Malik and Aggarwal™™, Very slaw
change in the ion exchange capacity with time was associated with good corrosion

protection efficiency in hoth cases, pipmented and unpigmented allcyd.

Ionir conducrtion in organic coatings

The relation between the d.c. resistance of paint films and the
concentration of electrolyte has been largely demonstrated %458 The changes
in d.c. resistance with time of an alkyd coating on mild steel substrate were
determined in distiled water and three sodium chloride solutions. The resistance
wag found to increase with the concentration of electrolyte in the solution'*?,
Maitland and 'I'ﬁ.{[ﬂ}n'uae“a'511'|I observed that the chanpe in resistance which teck place
when wvarnish films were immersed in a solution of potassium chloride wap
centrolled by at least two processes: (1) a fast change associated with the e;Ltr}r of
water into the fiim which tend to cluster around ionogenic proups, and {2} a slow
change attributed to a reversibie process of ion exchange between the cations from
solution and the hydruglen iong frem the carboxyl gruﬁps In the film.

Mayne and Sr.:aamtl»'3.1::1.11'3-*'“395j studied the distribution of D and I areas in a
fiim, They observed that I films are always free from D greas, bul D films
contained a mixture of D and [ areas with the D areas distributed over an
appreciable area of the sample. The d.c. resistance aof D areas wag always lowor
than those of I areas, and thic led to the conclusion that D conduction cannot he
attriiljuted to the presence of pores unless they were of molecular dimension. D
areas were also observed to be softer and have a higher percentage of swelling
*.n;hen exposed to solvents. The authors concluded that [ and D areas are caused by
'.diff'erence in cross-linking density within the film. No defects or pores were

(43]

observed by Mills and Mayne'™ using electron micrescopy or optical microscopy,
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confirming the cenclusion arrived by Mayne and Scantlebury that D conduction
was not doe to the presence of pores.

Parks' ™ studied the relative diffusion characteristics of water, Na* anti Ol
lons in a commercial alkyd coating, using radioactive Na-22 and (1-26, and
impedance methods to calculate the total water uptake. The diffusion ecoefficierts
for water were higher than the ones corresponding to Na¥ and Ci in the ateady
state. It was observed that water entered the conting at a mueh higher rate during
the first 3 hours when the samples were first immersed in the electrelyte. It also
appeared that the ionic diffusion occurred to a significant extent only after water
had penetrated the coating. These findings indicated that water uptake precédes
iomie diffusion. However, the similarity of the diffusion coefficients values
suggested that the ions migrate simultareously with the water or that ail the
three components follow the same types of pathway through the matiélg.

The application of a potential of -0.8 V vs SCE was found to cause an
inerease in the diffusion coefficients of Na* ions and water by one order -of
magpuitude as compared to the behaviour in the absence of the applied potential.
This finding supporis the concept that cations reach the coating-substrate

interface by diffusion through the coating'®®.

1.5- The protection of metals by organic coatings

The application of erganic coatinpa is a widely used method for the
protection of metalz. The ﬁse of a coating resistant to the environment to whick it
is to be exposed, allows the use of substrates with desired physical and chemical
properties and which for reasons of low corrosion resistance could not be possibly
used in bare conditions. Leidheiser'™® preposed that there are two main
mechanisms by which an orgarnic coating protects a metal substrate: (1).serving

as a barrier for the reactants, water, oxygen, and ions, and {2) serving as a

contaimner for earrosion inhibitors,

26



The barrier properties of organic coatings for water, oxygen and ions -h;ive
been presented in the previous seciions, and the conclusion reached is that, one of
the most important effects in corresion protection by organic coatings is the
barrier effeet of resistance inhibition. The corrosion reaction is retarded by
inhibiting the ionic transport between cathedic and anedic sites within the
electrochemical corrosion cell. As organic coatings typically have high resistance
te ionic conductivity they offer very pood barrier properties, In this type of
Tesistance inhibition, the adhesion of the coating to the suhstrate playe a vital role.
Once the adhesion 1s lost, low 10nic resistive pathways are infroduced underneath
the coating, and corrosion can take place'm}. The effect of inhibitors on the

corrosion protection by organic coatings is beyond of thie scope of this thesis.

=

1.6 - Mechanisms of failure of organic coatings

-

Orpanie coatings are subject to degradation by environmental constituents.
The main agencies by which degradation occcurs are thermal, chemiczﬂ,
mechanieal and radiant. Living crganisms may glso deprade paints.
Deterioration takes the form of discolouration, c¢racking and crazing, loss of
adherence to the substrate, or change in a physical property such as resistivity or
mechanieal Etrengthﬂm.

The mechanism invelved in the development of corrosion processes under
protective films, needs to he investigated and understoed, since these processes
are the basic reasons fnr' the initial development of corrosion on painted metailie
surfaces, resulting in loss of protective properties of the paint coating and
subsequent acceleration of the corresion precess on the bare metal surface. The
exact mechanism by which the coating/substrate bond is broken, however, is very
controversial at the present time. 1,

There are waricus proposed mechanisms for coating delz:minatinn.

‘Dissolutienn of substrate surface cxide or conversion cuatingmm, displacement of
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(14}

polymer from the svhstrate by water™™, and saponifieation or other chemical

degradation of the paint resin in the interfacial regiunua’m}

(13,72}

, are among the
meechanisms proposed. Dickie and co-workers associated the major adhesion
loss accompanying the corrosion of painted steel with the disruption of the paint
interface by cathodically produced hydroxide. Leidheiser'?™ , however, suggested
that the dissolution of the oxide is the important factor in the delamination
process. Although: it was not said if this oxide solubilization ocenrs before or after

the delamination process. According to Koehler'#

, cathodie delamination is a
specialized form of loss of adhesion by intervening water. Despite of all the
different mechanisms mentiened above, it is now known that under certain

conditions, all the mechanisms proposed may be active™.

1.7 - Adhesion of organic coatings to metallic substrates
There seems to be no general agresment ta whether the adhesion of organic
coatings to metallic substrate bares a erucial importance {o the efficiency of

] . . . B
corresion protection. For many mveshgat.nrs{

3ELT4TT) the presence of a strong
bending between coating and metal substrate is an important protection function
of organic coatings, and may retard bath, initiation and spreading of vorrosion of
metal substrate beneath the film. Howewver, there is a second group of
researchers' > for whom a correlation between adhesion and the efficiency of
corrosion protection doea not always apply. They observed no real correlation
between adhesion and corrosion resistance for some coatings.

Funke®® 7478 considered adhesion, specially wet adhesion, to be an
important facter influencing the corrosion pretection of organic coatings. On the
other hand, Walker' "' tested three coatings, and the two which presented highest
recigtance showed the lowest adhesion on water immersion. The third, a long oil
alkyd, showed good adhesion properties but the worst corrosion resistan:;e. These
results were supported by Schwenk®™ who observed that adhesion loss had no

adverse effect on corrosion protection of the orpanic coating analysed.
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Funke™® eriticized the conclusions arrived by Walker'’")

, pointing that
possibly misinterpretation of the corrosion scales used to rank protective quality of
coatings, may have led to error. Walker'' ™ attributed the loss of adhesinn. of
urganiclcuatings to the metallic substrate when exposed to water, to the
aceumulation of water at the coating/metal interface disrupting the adhesion
bonds. Walker'™™ and Bullet'®" showed that the decrease of adhezion for several
coatings beging In the range of 65 to 80 % R.H., while the adhecion drops rapidly
at R.H. above 90 % It has heen largely observed 7®8%3L) that the adhesion of
organic coatings to metallie substrates drops rapidly when exposed to high
humidity environments or aqueous solutions

The loss of adhesion caused by waler is also known as water disbondment.

8 25 the separation

Water dishondment was defined hy Leidheiser and Funke
that oceurs between a polymer coating and a solid substrate when a moderate
force, insufficient to affect the system when not exposed ta water is applied duoring
nr-immediately after the coating system is exposed to paseous or liguid phase
water or ﬁqueuus golutions. According tc their hypothesis, water disbondment 15 a
consequence of the formation at the metal/coating interface of a discontinueous or,
in some cases, a continuwous water film, several to many molecular layers in
thickness. Some of the mechanisms which possibly could lead to the
secumulation of water at the interface were considered. These were osmaotic
forces, temperature differences and chemisorption or physiserption of water. The
presence of non-bonded areas at the interface can allow the accumuiation of water
forming a locul aqueous phase, which grows laterally due to the stress exerted on
the metai/coating bonds.

Water may reach the coating/metal interface within the first hours of
expnsure..\T'nis observation is in accord with the adhesion loss of }111-'.},":'1'| chating
obgerved by Bullet™. The adhesion of several paints to mild steel was observed to
degrade rapidly within 15 minutes of exposure to water'°. The non-permanent

adhesion loss was then attributed to the abeorbed water by organie coating, and
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the phenomenen of recovery of adhesion on drying out after immersion was also
nntedm*ﬁn*ﬂ”.
ﬁf%he oxide and hydroxide of iron on the surface of steel have a strong affinity
for water, and the presence of water adsorbed on the surface of metal has been
detected by MeCafferty and collaberators®. The water molecules on the first
layer are chemically adsorbed by the hydroxide iron through hydrogen honding,
and the subsequent, layers are only physically adsorbed™®. Dickie'™ detected little
or nno chemicai change in the orpanic coating associated with humidity indeced
adhesion loss. Water-soluble inorganic salts present ae surface contaminants,
however, alters the interfacial chemistry, and can lead to osmotic blistering and
various corrosien related blistering and adhesion Joss'®4,
Although it can be concluded that for some ceatings adhesion is not the

predominant factor controliing corresion, there is still very strang evidence which

suggests that adhesion is a crucial factor for efficient corrosion protection.

1.8 - The influentee of small differences in composifion on the corrosion

hehaviour of steel in various environments.

L .
The corrosion of steel is a function of both, its composition and the

environment to which it is exposed. The environments considered here are
various atmospheres and agueouns solutions. The compositions considered are
those of mild steels, wrought irons, copper steels and low-alloy steels. The main
focus will be on mild steel and low-alloy steel types, since these were the steels
used in this work.

- The ability of copper to redizce the corrosion rates of low-carbon was first
recognized in 1900. At about the same time, nickel (3%) was also reported to he
. beneficial®™, High strength alloy stecls containing small additions of alloying
‘elements were developed in the early 1920's and have been produced since for

specifie mechanical properties. Some of the low-alloy sieels, however, contain

30
COMISSED BADCH/L TC ERERGIA NUGLEAR/SP - IPER



small amounts of alloying elements that also impart superior atmospherie
corroeion resistance. The improved atmosphenc resistance is due to the protective
film formed on the surface upon atmoespheric exposure which impairs further

COTrosio n{ﬂm.

1.8.1 - Atmospheric exposure of bare steels

The extent of the improvement in resistance to atmospheric corresion
depends upon the compesition, with the copyer, nickel, chromium and
phosphorus conients being particularly advantageous. The superior atmesphearic
corrosion resistance of these steels over that of cepper steel have been extensively
demonstrated 69,

Larrabee'®® reported that high-strength low-alloy steel lost less weight than
either the low-carbon ateel or the copper steel, and attributed the difference to the
periodical drying of the rust films of all specimens, When these steels remained
continuousely moist, the superior resistance exhibited by the high-strenpgth low-
ailoy steels was not obaerved. The rust films ‘ormed on the continuously moist
surfaces were apparently not so protective as those formed on steels exposed to the
atmosphere. He suggested that the nature of the film immediately adjacent to the
metal would probably determine how protective the film could he, but at that time

(007} alsp

it was extremely difficult te study the very thin film by itself. LaQue
attributed the superior atmospheric corrosion hehaviour of the low-alloy steels to
the characteristics of the corrosion products of these sieels, The rust on the low-
alloy steels were darker, thinner, less porous, and therefore, more protestive than
on plain iron and steels. It wae algo found that these differerces in the rust
coatings were apparent as soon as they started to form.

in a re*l.riia-'si'.-f(SﬂI

on the development of low-alloy steels for iﬁnprnved
atmospheric corrosion resistance, copper, phespherus, chromium, nickel and

melyhdenum were found to be the additives most commeonly associated with
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improving the atmospheric corrosion resistance of steels. From these elements
came & series of low-alloy steel compositions known as the weathering steels
having atmospheric corrosion resistance variously reported as being 5 to 8 ti:ﬁes
greater than that of plain carhen steel in many atmospheric test locations. |

Larrabee and Cobura'®®

reported extensive corrosion datar; on 270
experimental steel composition having systematic variations in cuppe;, nicke],
chromium, silicon, and phesphorus, exposed for 15.5 years at three different test
site locations. They showed that while each ef these addition elements
individually contribute to some Ilmprovement in atmospheric corrosion
resistance, the greatest imprevement results from interactions émung specific
combinations of these alloying additions,

It has been shown'® that the importance of differences in envirenment on
the corrosion resistance of steels is such that in order to determine the suitability
of any type of steel for use under certain conditions, tests have to be made in that

particular environment. Estimations can only be made from the results of tests in

other locations if the environmenis are similar.

1.8.2 - Atmospheric exposure of painted steals

(2,85,92-99) reported that an improvement in the corrosion

Many workers
resistance of steel promoted a beneficial effect on the durability of paint coatings.
In some cases the the improved performance of painted high strength low-alloy
steel (HILA) as compared fo painted mild steel was only found ir net severe

(BE]

environments . In more aggressive media, such as marine and certain

chemical environments this difference was not observed, since the pretective film

was not seen to form, On the ether hand, Fancutt and Hudson®™®

reporting on the
work of the Corrosien Committee of the Iron and Steel Institute, observed that
although the performance of a painting scheme could be influenced by the basis

metal, this effect was only marked in the case of highly corrosive industrial
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atmospheres. In less corrosive atmospheres no pronounced difference was
ohserved, It was also sugpested that the use of low-alloy steel for a pain'tfed
structure is of practical vaiue because it reduces the corresion rate when the paint
has failed.

Copson and Larrahee'? suggested that paints are more durable on 1uﬁ=alluy
steel than on copper steels and much more durable than on mild Eteels,-becaus&
any rust that forms iz less voluminous on low-alloy steels, so there is less
rupturing of the paint film and less moisture reaches the steel to promote further
corrosion, Their specimens were teated at three locatiens, an industrial, a
semirural eand a marine atmosphere. In ail of the atmospheres, low-alloy steel
had the longest service life. +

LaGQue and Buylaﬁmﬂ} compared an open-hearth iron, a copper steel, and a
high strength low-alloy steel eoated with a pigmented baking urea-modified alleyd
topcoat, with and without phosphate prefreatment., The specimens were
scratched and exposed to a marine atmosphere. The open-hearth iron was the
moest corroded in both conditions, bare and painted. The low-alloy steel was the
one to show the best results in all tests and the copper steel was intermediate.
They conecluded that there is a very marked advantape in using low-alloy steels,
the improvement in anti-corresion preperties being even greater with the painted
specimens and being most valuable in the most corrosive atmospheres. It has also
been found®” that paints applied to high strength low-alloy steels had the longest
service life, with copper and carben steels ranking in descending order. The rust

formed on the low alloy steels was less voluminous, tighter, and more adherent

than on the two other steels, and thus resulted in less damage to the paint film.

Chemical plant environinenids

r

Schmitt and Mathay'[gm compared two high-strength low-alloy sfeels with
carbon steels, either painted with a wash primer and a top vinyl coating or

unpainted and exposed to atmospheric constitnents of various chemical plant
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environments. Their results showed that the corrasion resistance of the
unpainted low-alloy steels was superior to that of the carbon steer in all the
at.méspherns tested, and they atiributed these differences to different oxide films
formed on the distinet steels. For the painted steels they found that where paint
performance differed, the performance of the coating was always better on the
low-alloy steels than on carbon steels. The same authors alse concivded that the
superior corrosion resistance of low-alloy weathering sieels is not normally
observed under immersed conditions. an—a]l;:uy steels exhibited superior
atmosapheric corrosion resistance in ten different chemical piant environments,
where almospheric consiituents included chlorine, sulphur, and organic
compounds. The corrosion resistance was from 2 to 13 times superior to that of
carbon steel. It has been pointed out® that the app.ications of low-alloy irons and
steels with no protection, in process industiries, can be broadened econsiderabiy
when they are utilized in coniunction with corrosion preventive measures such as

protective coatings, corrosion inhibitors, and cathedic protection.

1.8.2 - Full immersion tests of bare steels

I a

It kas been shown that corresion rates obtained on specimens exposed
alternately beth to air and to sea water are not applicable to steel structures

continuously immersed®,
Natural mwaters

Although it is generaily poesible to characterize the atmospheric eorrosion
behavionr of steels with respect te few environmenta! categories {industriai,
marine, rural), there is a general tendency, however, to believe that variations in
composition from the wrought irons and cast irong to low-allay steels produce no
_marked difference in immersed corrosion rates in natural waters {pH 4 to 10).

{86}

Larrabee™ " concluded that in mest natural waters and sofls, the presenece of
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small amounts of alloying elements in the steel does not play a major part in
determining the average corrosion rates. He reported a light superiority of a
Corten® high strength low-alloy steel compared to structural copper and carbon
in fresh waters of different rivers. The data also showed that the avérage
corrosion rates decreased with time,

Leckie® stated that under immersed conditions in natural water:a, where
the corresion rate is usually controlled by the diffusion of oxygen, carbon stesls
and low-alloy steels exhibit essentially the same corrosion hehaviour. Chromium,
nickel and copper at low coneentrations showed no elear evidence of affecting
corrosion Tesistance of stesl in neutral water, Similarly residual elements
contained at mormal levels {silicon, manganese, sulphur, phospherus, and
carbon} were found to have no significant effect on cuﬁusion rate in pﬁtural aalt

waters.
Neutral salf solutions

The presence of neuiral salts in water generally tends to increase the
corrosicn rate of iron and steel hy influeneing the anodie polarization,
conductivity of the solution, solubility of corrosion preducts, and diffusion and
selubility of oxygen.

The maximum corrosion rate of steel as a function of sodium chloride
concentration (occurring at 3 %) is explained in terms of the balance between the
continupusly decreasing oxygen solubility with increase in chloride
concentration, and the initial increase in solution eonduetivity, giving rice to a
reductien in the protectiveness of the rust films. Increasing solution conductivity
permits the interaction of remote anodic and cathodic sites, such that the
corrosion product is deposited away from the steel surface, I'EIldEI'iIlg; it non-

(83) (99} 3780 found that the superior -corrosion

protective ™. Fancutt and Hudson
resistance of low-alloy steels over ordinary mild steels under atmoespheric

conditions was not paralleled under conditions of teta: immersion in sea water,
]
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The relatively low corrosion resistance of iron and low-alloy steels under
immersed cenditions might he attributed to the faect that normal corrosion
products of iron formed are non-adherent and effer little if any protection against
continned dissolution. Also, since the corrosion of these steel types under
immersed conditions in neutral solutions seems to be governed by the combined
actlon of water and oxypen, with the cathodic reduction reactien piaying a
pignificant role in the rate controlling process, minor alloying elements would

only play a small part in the corrosion process.

1.9 - General remarks

From the literature presented above, it ¢can be said that in general there is
an agreement about the superior corrpsion behaviour of low-alloy steels compared
to mild steels, copper steels or wrought irons under atmospheric exposure. The
extent of the imprevement depends upon the compositien, with copper, nicke!,
chromium contents being particularly advantageous, On the other hand, earbon
and manganese in large amounts, have heen reporied ag detrimental teo corrosion
resistance' %,

It is also believed that the improved corrosion resistance of low-alloy steels,
makes paint coatings more durable, since the better corrosion resistance of low-
alloy steels, would result in less voluminous rust forming on these steel types as
compared to carbon steels,‘ and causing less damage to paint eoatings. In aqueous
neutral solutions, either natural waters or galt sclutions, low-alloy steels and
carbon steels uncoated, in general have been found to exhibit similar corrosion
behaviour,

Much less is however known about the behaviour of low-carbon and low-

{101}

alloy steels when coated and under immersed conditions. Souza observed

some visunl differences between the corrosion features of a mild steel and a low-

alloy steel, both coated with a thin film {~25 pm) of chlerinated rubber, and fully
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immersed in 3.5% wt sodium chloride solution. The reasons for the differences
however were not given, and a more extensive study on the behaviour of these two
steels when coated and fully immersed in agueous solutions was necessary. It
was with this aim that this research was undertaken, that is, to compare the two
steel types, 2 mild steel and a low-alloy steel, with relation te their corrosion
characteristics, when bare and painted, and under immersed conditions or
exposed to wet and dry cycles inside a cabinet,

In order to study the corrosion characteristicg of the mild and low-alloy
steel, bare or painted, various electrochemical techniques and surface analysis
methods were used. A brief introduction to these techniques is presented in the

next chapter.
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CHAPTER 2

METHODS FOR MONITORING THE CORROSION CF BARE AND
ORGANICALLY COATED METALS.

2.1 - Elecitrochemical methods

Since metallic corresion, either in aquecus solutions or atmospheric
exposure, is mostly an electrochemical phenome.nﬂn, electruche_mical test
methods are useful to assess the thermodynamics and kinetics of corrosion. The
main aim of electrochemical testing of painted metfals has been to find accelerated
laboratory tests which can evaluate new paint systems much more guickly than
by atmospheric exposure trials andfor to provide a better understaﬁding of how a
paint film protects a metal substrate®, The electrochemical methods used are
generally divided according to the nature of the perturbing signal inte d.c, and

a.c. methods. These are briefly presented below.

2.1.2 - Electrochemical corrosion potential

One of the most common measurements made as an aid to understanding
corrosion phenomena is the corrosion potential. The measurement of petential-
time and potentigl-current relationships have been used extensively, beth in
fundamental studies and in practical testing, £o provide information on the
thermodynamics and kineties of metallie corrosion*'®?. In the case of coated
metals, however, the high electrolytic resistance of a wetted paint film, M:'-hich can
be as large as 10 Q.cm? for a coating of average thickness, introduces

experimental problems and difficuities in the interpretation of resuits. It is for
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these reasons that this technique has rarely been used with metals protected by
coatings. However, if used together with other techniques, the measurement of
the cio‘{'rusiun potential of coated metals can provide very useful information on the
corrosion behaviour of the coated system.

The corrosion behaviour of a metal can be related to the movement of the
eorrosion potential with time. The movement of the potenfials into a2 more
negative direction is supposed to indicate removal of surfaee oxide films and
development of active corrosion. Whereas a shift of the potential! towards more
noble potentials can reflect the formation of a filin and the end of corrosion %%,
Corrosion potential aione, however, cannot be used as an unambiguous indicator
of eorrosion, and noble potentials do not always mean reduced corrosion rates.

(104-108)  ceumed that a noble potential indicates a low

Many rescarchers
corrosion rate. They tried o correlate polential-time curves for specimens of
painted steel fully immersed in agueous sgolutions, and the durability of the paints
" under immersed and atmospheric exposure conditions. Over [ifty different
priming paints applied onto steei were examined by Haring and Gibney"™. They
measured potential-time curves, over 24 hours, for specimens totally immersed in
acrated tap water, and: compared their visible condition after 4 days with their
condition after atmospheric exposure tests. Measured potential values ranped
from +0.25 V (S8CE) to -0.45 V (SCE). A number of cases gave anomelous results,
with some epecimene exhibiting relatively noble potentials but showing rapid
breakdown. The potential-time behaviour of painted steel in sea water,distiled
water, and dilute acid, over 25-50 h, were compared with the results of eorrosion
weight losses after sea-water spray and immersion tests over a 40-100 days period,
and also led to some anomalous cases which could not be explained®,

Zahn1%® studied the effects of different pigment and vehicle type on painted
. steel, He reported thai negative potentials always indicated the presence, and

positive potentials, the abgence of corroeion. The corrorion was established hy

stripping the paint and examining the substrate after a period of several hundred
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hours. His report was however considered by many fo be too optimistic. It is
believed that the actual potential values obtained in the early stages of exposure
and the maximum reached cannot be related to the protective value of the paint.
This would explain the poor correlation values obtained in the work presented

{104-106)

earlier , where measurements extended over only few hours after

immersion.

The work of Wormwell and Brasher''%7:1%®

and its use of the potential-time
teehnique is considered one of the most complete and useful studies of this
technique. Steel coated with paints intended for total immersion conditions on
ships' hulls were immersed in synthetic sca water, and weight loss tests were
carried out simultaneously in order to correiate the changes in potential with the
COITO8I0oN Pracess, Figu-re 2.1, Initially affer immersion, a gradual- decling in
potential wag seen which coincided with the cnset of rusting. The potential then
started to move in the more poaitive direction, reached a peak and then moved in
the negative direction. The time to pass the peak was interpreted as the useful life
of the pamt. It was alzo ohserved that the potential at the maximum became more
positive with increasing thickness of the paint, and it was roughly a linear
funetion of the resistance of the paint film. It was then sunggested that high
resistance paints might modify the measured potential by intrndui:ing an chmic
potential drop. Irregular fluctuations in the early stages of exposure, particularly
for more protective paint systems, were attributed to alternating film breakdown
and repair which has been observed under certain conditions on metals carri','ing
protective oxide films'1%®), Instability in the electrical measuring system ecould
however heen introduced by a high reesistance between the specimen and

109
reference electrode 7,

Mawyn gl110]

explained the effect of coating resistance on potential
[

measurements based on the eléctrolytic resistance of the coating. The Evans

diagram given in Figure 2.2 can be used to illustrate the coating effect on the

measurad potential. In a condueting electrolyte, the measured potential of bare
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steel would he given by poini B, the corrosion potential, where the cathodic
polarization enrve CB and the anodie curve AB interseet. Due to the high
electrolytic resistance of the paint, an chmic petential drop between the anodic
and cathodie areas would be introduced. If the resistances of the appreaches to
the anodie and cathedic points are equal, the measured potential would be equal to
F, that is situated half-way between D and E. In the early stages of exposure it is
suppesed that the anodie areas would be situated at weak points in the air-formed
film on steel. The resistance of the approach to the smaller anodes then would be
higher, causing the potential F to move nearer to IJ than E and therefore ¥ would
be cathodie to the potential B for unpainted steel.
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Figure 2.1 - Futeqtial—tima end weight losz curves for painted stee)!197)

Yakubovitch and collaborators™ " working with paint films of thicknesses
below a certain critical value {ca. 20-30 pum), observed very low electrical
resistances for these paint films and attributed it to an inereased number of pores
and defects in the thinner films. The potentials measured were relative];r‘negative
for very thin coatings, but increased sharply when the thickness exceeded a

eritical value. Their results support the idea that intaet, high resistance film
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providing a high ohinic resistance at the anodes would shift the measured
potential in a cathodic direction. The low resistance observed for thin flms was

rclate.ti' to the difficulties in preparing very thin films which are free from defects.

Fipure 2.2 - Evans diagram of a metal corroding in a high-resistance electrolyte'110?

From the early work reported in the literature it can be said that
controversies do exist on the reliability of the potential-time technigue. Some

(111

authorg reported f;avourably in support of the petential-time technique,

whereas others found no correlation at all between pamt durability and corrosion

114} 4h a review on the corrosion potential

pntential“mj. Wolstenholme
measurements and their applicability to coated metals, concluded that potential-
time curves can not be coneidered as an "accnlerated test” becanse although they
may detect the onszet of rusting, it can fake a very long time after the initial
immersion. He also concluded that the potential may not reflect the corresion

behaviour of a coated metal, which is affected by the resistance of the paint film.

He questioned the usefulness of this technigue for metals with coatings which do

not confer galvanic protection and called attention to the faect that each

investigator using the {echnique should interpret his results very carefully.
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Teidheisert?

proposed that the movement of the corrosion potential in tke
rioble direction wouid reflect an increase in the cathodic/anodic surface area
ratio. On the other hand, the movement of the corrosion potential in the active
diraction would be indicative of an inerease in the anodic/cathodic surface area
ratio, and a significant overall corresion rate. In the cE;.se of steel, inéreaaingly
active potentiais would mean rusting beneath the coating and a signeﬂ that the
¢oating lifetime was limited. Increasingly positive potentials with time has also

‘114) a5 indicative that alkaline conditions, caused by the oxygen

been sugpested
reduction reaction, are developing locally at the metal-coating interface and that
delamination g of concern. Scantlebury et al 118 interpreted the positive
potentials of coated metals as due to passivation supported by water in amall
contents at the metal-coating interface. It was supggested that either the water
state or its content at the interface, mignt be important in deteémining the
potential of a coated metal.

More important than the actual value of the measured potential in a certain
time is the change of this potenfial with exposure time. The potential-time
technique can be very helpful if used with other techniques se that the changes in
potential can be correlated with other processzes involved. Some precautions,
however, have to be taken during the measurement of the corrosion potential of
coated metals, In the case of high resistance coatings, a sensitive measuring
equipment is necessary. Generally a veoltmeter with a high input impedance
(210 Q.em?) is employed.

The main advantage of the potential-time technique is that it measures the
electrochernical characteristics of the system without disturbiag the system
under investigation from its equilibrinm conditions. - Many other d.c.
electrochemical techniques, however congist of stimulating the system by the
application of current or potential, and measuring the resulting effects. ﬂ’lleae are

presented in the next sections.
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21,3 - ‘Fafel extrapolation measurements

When corrosion occurs, current flows between individual anodes and
cathodes, and this causes a change in the electrode potential of the Bystém.
Although this current cannot be measured, it ean be evalnated indirectly on a
metal specimen with an inert ¢lectrode and an external electrical eircuit.
Polarization is described as the extent of the change in potential of Emlelectrude
from its equilibrinm potential caused by a net current flow to or from the
electrode, galvanic or impressed“lﬁ}. Polarization can be studied by either
changing the currect and measuring the equivalent change in potential
{galvanostatic method), or varying the potential and measguring the resultant
change in the current (potentiostatic method). The coTrosion rate is a function of
that corrosion current. When plotted on semi-log axis, the theoretical polarization
curves of both the anodic and cathodic processes, when polarized rsigniﬁcantl:,r
from the carrosion potential, are straight lines, Tafel behaviour, The corrosion
current can be measured from the intersection of the corrosion potential and
gither the ancdic or cathedie curve, Figure 2.3, IR drops obscure Tafel behaviour.
The region where the theoretical and measured curves match are called the Tafel
regions. The slopes of the Tafel regiens are denoted by b, and b for the anodic and
cathodic reactions respectively, Figure 2.3.

The main advantage of the Tafel extrapolation technique is that it provides
a relatively fast quantifieation of the corrosion rate. It can also in ecriain cases
provide mechanistic information.

The limitations of this technique are:

{i) it 18 of limited wvalue when there is more than one eathodic reduction
reaction,

(i} in many cases it is difficult to identify a sufficient linear segment to the

i
L]

Tafel regien, making extrapolation Inaccurate, 4
. {iii) it does not indicate local attack, only an average uniform corrosion rate,

{iv} the electrolyte resistance must be low,
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{v) large currents are required e change the potentials from the currﬁsiﬂn
potential, since currents in the Tafel region are generally one to two orders of
magnitude larger en the log seale than the corrogion r:urrent“ns]', and -

{vi) since the electrode surface is disturbed significantly, the technique
cannot be employed to monitor cerrosion gn a specimen,

Even though the specific corrosion rate determined by Tafel extrapolation is

seldom accurate, the method is still considered as a good confirmation toal'*l”,

Linecar polarization
region
True cathodic =

TS Tafel Measired I
r/-reg'iﬂns curve

Potential

Trua anodic
CLLrYg

—

log current density

Figure 2.3 - Tafel extrapolation and linear polarization curves!11®),

2.1.4 - Polarization resistance measurements

The pelarization resistanee, also known as linear polarization, is a method
which has been widely uged in determining corrosion rates in agqueous media
sinee the publication of Stern and Geary's work™'® in 1957. This method involves
obtaining a number of current versus change of potential (polarization) data in
the vicinity {£10 mV) of the corrosion putentialmg}, The polarization r?sistance,
R,
potential, E__:

, 183 defined as the tangent of a polarization curve at the, corrosion
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E=E

CoIT

R, = % t2.1}1

In the case of simple, chargff transfer controlled reactions, the corrosion

current density, £,

is related to Rp by the Stern-Geary equation:

_ Pabe 1 B 22
2.308(bs+b.) R, R, '

Ecopr

where b, and b, are the Tafel slopes of the anodic and cathodic reactions,

respectively. The houndary conditions for the application of this equation are 2%,

(i} charge tranesfer control for both anodic and cathadie partial currents,

(i1} no diffusion or resistance pelarization, - _

{i1i} the corrosion potantial must have a value sufficiently Far away from the
redox potential of the half reactions for the possible reduction of M™ ione and
oxidation of the reduced component to be neglected.

The only exceptions to the limitations mentioned in cunditiéns (i) and (ii)
are corrosion systems where the partial reduction current is fully diffusion
controlled, or when the anodic partial current is constant in the vicinity of the
corrosion potential because of passivation. In these cases, one of the Tafel

eonatants, b, or b, , is infinity, leading to slightly medified equatinnauzm. If the

cathodic process is diffusion conirolled, equation {2.2) reduces to:

I - = a .
Wit Toomss TR A {2.3)

The major limitation of the polarization resistance method is that the

va.ues of the Tafel constants must he known for an accurate determination of the

corrosion rate. This difficulty has been overcome by Mansfeid'?V

, using a
technique invelving curve fitting and computer analysis to obtain the values of
Tafel constants and corrosion rates simultaneously. Another limitation is that the

method is not sensitive to loeal currusiﬂn{lﬂ}.
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Considerable effort has been made to improve the accuracy of this method

by the use of meore precise calculatiﬁnmn, or by compensating the IR drop in high

resistivity environments'**¥, The uncompensated resistance, R, affects the
polarization resistance, R, The experimental value R, is the sum of the true

value an ' =t ' g eTToT CcANsC ¥ I1s equal to -
1 d R,, (R/'~=R_+R,). Th d by R, i 1 to R/R, ¥

Nowadays, the polarization resistance technique is a well-established tool for
measuring and moenitoring corrosion.

One of the major disadvantages of this technique is that it assumes that the
d.e. perturbation gives rise t¢ a steady state condition. In reality it can take several
minutes before a steady state is reached, depending on the electrochemical
processes and kinetics which are contrelling the corrosion. Another disadvantage
5 that if the cunductivitj;r of the electrolyte environment is low, then an error in the
measurements can be introduced. For such systems, IR drop cnmﬁensatinn is
NECESRATY.

Wolyneck and Escalante''* determined the corrosion rate for carbon steel
in stagnant NaCl sclutions using a chronoamperometric method for obtaining
polarization data. In this method the polarization potential is switched off for
some minutes befween two consecutive steps to allow the corroding system to
recover, and the current is determined by extrapolating the data of the eurrent
decay curves to infinite time. Their data was in good agreement with weight loss

(12%) applied linear

and corrosion potential measurements. Azzeri and co-workers
polarization techniques to plain earbon and lew-alloy steels in sea water. In order
to avoid misleading contributions arising from the pregence of solid corrosion
products, their data were interpreted according to equivalent eircuits
representative of the steel surface behaviour in sea water. Good agreement with
weight loss measurements througheout four years immersien in natln'al sea
water wag also ohserved.

Although polarization technigues have been used extensively for the study

of bare metals, these methods are not so often employed to study the corresion
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numerous metals and alloys in varicus environments have been established by

the potentiodynamic sean technique'2 129,

transpassive

passive

Potentinl

E
______ [
| active Ep
LTI -
_ i : hodic Lorr
1 | "
i Diffusion i
i controlled T
! region !
— - —_ - _'
¥ pasy tecd
log current density

Figure 2.4 - Typfeal poiarization corve for a metal showing
active-passive hebavivur, ({4 = critical current density for
passivity, tpaan = passive current density, E.... = primury
passive potential and E. .. = freely corroding potentiall 1184,

Standard electrochemical direet current (d.c.) techrniques to study
metal/coating or film/electrolyte systems, have been found te be pooriy
reproducible and, in the case of nearly perfect coatings even impracticable, One of
the limitations for the use of d.c. techniques with painted metals, is that the high-
resistance paint film will intreduce an ohmie potential drop which will be added
to the true potential of the metal surface. Regulis that do not consider this source
of error are thus invalid. Besides, large perturbation polarization may affect the
electrode/coating Interfazce leading to irreversible changes of the system

18
gonce rned" ™,
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2.1.8 - Electrochemica! impedance methods

21.6.2 - Introduction

ithough d.e, techniques can provide useful information about the
electrode-slectrolyte interface, some of their lirritations can be overcome by the
use of elecirochemical impedance technigues. First, the disturbing amﬁlitudes
employed by electrochemical impedance techniques are very small and eause only
minimal perturbation of the electrochemical system. Second, electrochemical
impedance measurements provide information on both electrode ecapacitance and
charge transfer resistance, and thus reveal valuable mechanistij: infermation.
Third, measurements can be made in low conductivity media where d.c,
technigunes are subjected to considerable errors due+t1::- large chmic drops. The
effect of the solution resistance can be detected by electrochemical impedance
technignes and thus eliminated.

In recent years the use of impedance techniques for investigations of
cuﬁusinn has expanded rapidly. From a theoretical viewpoint, the impedance iz
considered one of the most impertant gquantities that can be measured in
electrochemistry and corrosion science 3%, Its importance lies in the fact that the
current flowing across a metal/solution interface can be divided into two parts: (1)
the part that follows a faradaic path when the current ie part of the
electrochemical reaction and which is called the charge transfer proceas, and {i1)
the part that ie non-faradaic and which establishes a charged interface,
copsisting of a double layer, since there is no transfer of charged particles across
it. An electrode interface can then he represented as a cembination of resistors
and capacitors ard the impedance of such an interface can be analysed with
reference to an eguivalent circuit, which is intended to represent the reactions
taking place at the interface. The arrangement of the components in the

equivalent cireuit and the values related to them are intended to produce an
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impedance that matches as closely as possible that of the corrosion intelrface
under investigatiunm.

The main advaniages of electrochemical impedance techniques are:

(i) they often display the constituting characteristics of the system
separately (charge transfer, mags transfer, surface layers),

{(ii} the perturbation of the system is minor, since only very small signals
which do not disturh the electrode properties are used,

(iii) ecorrosion rates ecan be measured in low conduetivity media where
traditional d.c. metheds fail, and

(iv) polarizatien resistance and double layer capacitance vaines can be
obtained in the same measurement. According to Macdnna]d[ml}, the most
important advantage of this technique is the preecision that can be gained by its
use for mechanistic analyses, compared with other electrochemical tt;chniques. A

brief introduction to the hasies of electrochemical impedance theory is presented

next.
2.1.6.2 - Basics of electrochemical impedance theory

An electrode interface during an electrochemical reaction can be
represented by an equivalent electrical cireunit, consisting of various passive
elements {resistors, capacitors and inductors). The response of the electrical
circuit to an applied voltage depends upon both, the behaviour of the individua:

elements, and their arrangement in the cireuit in relation to each other.

If an a.c. alternating potential ,E__, of the form;

act

E, = B, sin (wi} (2.4)
where, E, = maximum veltage amplitude,

w = angular frequency ( in rad.s'l},

t = time. I'

is applied across an electrical circuit, then the resulting current I, will be

given by:
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I.=B /X (2.5)
where X is the reactance of the apecific pasrive element in the electrieal circuit.
In mush{:ﬁses I..ie also sinuvseidal and of the same frequency w, buf different in

amplitnde and phase from E__.

1 =1, sin (wt+@) (2.6)
where, 1, = current amplitude,
 =phase shift,

The reactance of the passive elements is normally expressed as a complex
quantity, using the complex number, j (j = 4_1}(132]_ Using this notation, the

reactances of the elements are given by:

X3=R {for a resistor) (2.7)
X = 1/jwC (for & capacitor) (2.8}
Xy = jwL {for an inductor) (2.9)

where R,C, and 1., are the resistance (ohmes), capacitance {{farads}, and
inductance (henrys), respectively.

The combined effect of these reactances in the electrical circuit is known as
the impedance, Z. Eleutricsﬂ impedance can be considered a&s an obstruction to

flow of alternating current, and it is a vector guantity with 2 magnitude, or

modulus, 121, given by:

WZ=E_f1,, (2.100
and a'dirnctinn, ar argument .

_ Since the impedance i a vector, it 1s convement te represent it in a camplex
plane plot, Argand plnt{mm or a Nyquist plntﬂam, Figure 2.5. Impedance can be
expressed either as a combination of “real” (Z) and “"imaginary” (Z“) parts in
cartesian co-ordinates, or as the impedance modulus (1Z1), and phase angle (&)
in polar co-ordinates, that is Z = Z' + jZ2" or Z = (121 ,@). The two forms are rolated
by

12| = (22 + 22 )12 (2.11)
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@ = tan ™ 272 (2.12)

and Z =1Z cos (2.13)
Z' = 1Zl sin B (2.14)
Imag
=
ool Iﬁu-g £
|
o 1
N :
|
[
H
° ‘ —— Real
- A

Figure 2.5 - Nyquist plot (Complex plane piot) of impedance,

The impedance of a combination of cireult elements can be calculated by the
complex addition of the reactances. For a series combination of n elements, the

total impedance is piven by equation {2.15).

[ 4]
Z=2X, (2.15)
k=1

and for a parallel combination of m elements, by equation {2.16)
Il
1.3 L (2.16)
L k=1 X

Por systems involving parallel combinations, it is sometimes more
convenient to define the admittance, Y, of the circuit, which is the reciprocal of

impedance, ¥ = L/Z
The reactances of capacitors and inductors are frequency dependent, as

shown by equation (2.8} and (2.9), with the following limits:

asw—+ 01 Xp + =, X 0.

as w = XKoo 0, X 7r e,
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It should be noted that in the majority of cases of interest in elﬂutruchémical
work, the capacitive respense occurs in the negative imaginary area. For
convenience, the Nyquist plots are generally plotted as -Z" vs Z', In this thesis this
eonventior will be adopted, although the imaginary axis will be only marked

ag 2".

2.1.63 - Concept of equivalent circuit

Since the corroding electrode interface ¢an be represented by a hypothetical
electrical circuit, as has been stated in the previous section, it is useful to consider
the impedance response of relevant electrical eireuits, keeping in mind that this
response depends upon the arrangement of the elem-ents relative to each other,
and the angular frequency of the applied voltage.

The total impedance response, ¥, of a resistor and a capacitor connected in
series is given by:

Z =R+ 1/5wC | (217

and is represented in Figure 2.6 in & complex plane plot.

z‘ll

T HML

w decreasing

- f —— A

Figure 2.6 - Complex impedance puot for & seriea RC circuit,

In the case of a resistor and & capacitor connected in parallel, the

impedance 1s given by:
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1=1+_1 ' (218)
% R (,,11_
-wC
7 - _ B (2.19)
1-jwCR : :

If equation (2.19} is multiplied, top and bottom, by {1+ jwCR), Z may be
written as: -

Z
Z - —& ., and gz . wCR (2.20)
1+ (wCR) 1+(wCR)?

Eliminating w from both expressions in eguation (2.20}, a relationship
between 7' and 7" is obtained: _

Z% 4+ 2% . RZ = 0 , (2.21)
which is the equatien.of a semi-circle centred on the real axis at (B/2 , 0) and
whose diameter is equal to R,

Optimizing the expresgsion for 2" in equation (2.29), it can be shown that the
maximum of the semi-cirele in the positive quadrant occcurs when;

w ‘= 1
fax CR

The term CR (units of seconds) is called the tirne constant of the cireunit.
The representation of equation (2.22) on a complex plane (Nyquist) plet is

shown in Fipure 2.7.

7
wm;x é C
|
wmax G '
| e
| " |

zf

L R .

Figore 2.7 - Complex impedance plot of o resistor (R} and a eapacitor(C),
connected in paralle..
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If to this cireuit a resistor, R_,is conrecied in series, the impaﬂance
response will be shifted by ar amount equivalent to R, along the real axis. This

new circuit, Fipure 2.8, has been found te represent several electrochemical

systems satisfactorily.

Pz o Ca
& A — r'
B by
: et
| reRg—t= —— Rz Z

Figure 2.8 - Complex impadance plot of a resistor, lis,cunnect.ed in series
with the parallel RC ciceuit in Figure 2.7.

The circait elements R, R,, and Cg, represent the solution fesiatance, the

k!
charge tranefer resistance and the double layer capacitance, respectively. The

parallel combination of R, and 4 represents the corroding interface. This

notation will be adopted in this thess.

The corrosion rate, {,,.,, 8 determined by the charge transfer resistance,
E. ., according to

i.= B/Ry (2.22)

ct?

where B is & constant determined from a knowledge of the Tafel slopes, as in the

Stern-(zeary equation.

2.1.6.4 - Impedance of the electrode-electrolyie interface

Consider the simplest possible electrode reaction, which is a eingle step
process, given by:

0O + ne + R (2.23)
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at its equilibrium, so that, at the open cirewit potential, E,, ie., with ne net
current flow,

If it ig assumed that the rate of the reaction (2.23) is only dependent upon
the charge transfer process (single atep), and the mass tranaport of electrosctive
species, and alse that the disturbing potential of the working electrode is small,

then the impedance of the electrode-clectrolyte interface will be gi-iren by a

combination of the ohmic resistance of the system (Ry), the effect due to the
electrochemical double layer (C,), and the electrochemical reaction (R, ) itself.
The ehmic resistance (R}, of a system consists of the combination of the

solution resistance of the eleetrolyte I[RS}, the resistance of connecting leads, and

the internal resistance of the elecirodes. As the resistances of the connecting
leads and electrode are usually negligible for bare metals, the chmic resistance
may be taken as the soiution resistance, R_.

The electrochemical double layer is ot a perfect capacitor, but since small
amplitude voltages (<20 mV} are applied to perturb the system, it can be
considered ag such. Its capacitance {Cy)), is dependent upon the permittivity of the
media, ionic concentration, and its “"thicknese”. For a perfect capacitor the
relationship between the charge across the interface and the applied veltage is
approximately linear.

The charge transfer resistance (R _J, is defined as the resistance to eleetron

remova, or addition, and for small perturbation voltages (<20 mV), it is given by:

o0E -
R ={ (2.24)
d ( al )E
The Warburg impedance

So far, orly electrode reactions under activation contrel have been
considered, In practice, however, effects due to diffusion processes are often

present. These must also be considered.
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The impedance due to mass transpert {(diffusion) of electroactive species to
and from the electrode-electrolyte interface ia known as Warburg impedance, and
is expressed by equatien (2.25):

Y T | )
Z, = ow 2 . jow {2.25)
where o = Warburg coefficient
w = angular frequency.

At a constant potential, the Warburg coeflicient is given by:

g=_5.13’§__(1]+_11)' (2.26)
2°F 4'4'2 Cux_ DE: GmdD:hd
where R = Universal gas constant,

T = Absolute temperature,
I = Faraday constant,
z = number of electrons invelved,

D, D, 4 = diffusion coefiicients,

ax?
C, Ceq = "d.c. components” of the concentrations at the surface,
conitrolled by the mass transport involved in d.c. process.

From equation (2.25) it can be seen that at any frequency, the real and
imaginary parts are equal and proportional to w''2. When plotted on a Nyquist
diapram, the Warburg impedance is represented by a straight line at 45° to the
axis, It should be noted that the effeets of the Warhurp impedance are only
significant at low frequen;:iea, and are not observed at high frequencies.

Randles™ showed that the impedance of the electrode reaction could he
repregented as a combination of impedances due te charge transfer and mass
transport. The impedance due to mass transport i normally represented by the
Warburg impedance, Z, The eguivalent circuit representing mixed.control,

charge and mass transfer, is known as Randles’ equivalent circuit, and it is

shown in Figure 2.9
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Figure 2.9 - Randles equivalent creuit!?%,

The combined effects of the impedance due to charge transfer (R), and
diffusion processes (Z,), is called Faradaic impedance. The Faradaic impedance
' (Zg), at any potential is given by:

Z, = R, + I, ' (2.27)

2.1.6.5 - The Randles equivalent circuit

The total impedance of the Randles equivalent circuit which represents the

simplest reaction is given hy:

Z =R «+ - 1 T (2.28)
JwCy +

A, -1f2
Ha + oW  -jow

The analysis of the equation (2.28) can be simplified by considering the two
limiting cases"™

{1} At high frequencies ( w — ), the relative contribution of the Warburg
impedance is negligible because ow % — 0, and thus the real and imaginary parts

of equation (2.28) can be expressed as:

1 Rﬂt [ il WTR.L'{:
Z =R _ = . . ,and g o Aot {2.29)
s * 1+w2r? 1 +wi?

where T i5 the time constant of the system. If w iz eliminated from both

gxpressions in equation{2.29), it becomes:
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(z‘ -R_ - R?ma)2 . @ (_I_’lg_)z (2.30)

L
*

“This result is similar to the one obtained when the solution resistance, R,

was connected in series {o the parallel combination of a resistor and 2 capaecitor,

showed in Figure 2.8.

(2) At low frequencies (w — 0}, the contribution due to Warburg impedance
becomes sipnificant, and the semi-circle observed at high frequencies distorts.

The real and imaginary parts of the impedance reduces to:
7 =R, + R, + ow'®, and Z" = ow'? + 26°Cy (2.51)
When w i5 eliminated from equation {2.81), it resulis in a expression
corresponding to a straight line with a slope 45°, given by:

Z' =R, + R, -20Cy + 2’ (2.32)

The intersection of this line with the real axis, 1. ., occurs when:

int*
L, =R, +R, - 26°Cy (2.33)
The total response of the Randles eguivalent circuit for real syetems

consisls of the combination of the two limiting cases. A typical plot is shown in

Figure 2.10.

Z"

I A
' \

L ..
ot R it R

A

Figure 2.10 - Complex impedance plot for Bandles equivalent cireuit
representing en electrode process under mixed control.
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The relative values of R, o and Cj, determines the actual shape of the

complex impedance plot. The ratio between R, and o can be used as a criteria to

determine whether the electrode process is under activation (charge transfer), or

mass transport (diffusion) controlt?®®,

R,/o > 10 Activation controi
Ry/o <01 Diffusion control
R./o~1 Mixed econtrol.

2.1.6.6 - Departure from classical Warburg behaviour

According to the classical Warburg theory, the impedance due to diffugion

effects is given by Z, = ow 2 - jnw'w, equation {2.25), presented earliar. Although

this equation represents many real systems satisfactorily, it present;s. a pitfall at
frequencies approaching zero, At this limiting condition, i.e. d.¢, condition {w—0),

the Warburg impedance is infinite.
lim_ %, = o (2.34)

Howaver, it iz well known that the d.c. resistance of an electrochemical cell
is finite, and given by the polarization resistance, RP. In order to overcome this

Yimitation, Sluytersus'r’]

introduced the concept of a finite diffusion layer,
replacing the infinite one used to derive the classical expression. The Warburg

expressien for & finite diffusion layer is given by equation (2.35):

2, w0 w_m( sinh (2u) + 5:0115;2;;5 [ ai;l: E;E - gin (2u)] ) (2.35)
where
u:%(%ﬁ @38
8y = thickness of the Nernst diffusion layer,
G = Warburg eoefficient.
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At high frequencies, equation (2.35) reduces to the classical Warburg
equation, and at low frequencies, the cenvection term hecomes significant caunsing
the straight line te bend towards the real axis. This complete Warburg impedance

for a finite diffusion layer is plotted in Figure 2.11.

zﬂ

- SR A

Figure 2,11 - Complete Warburg impedance for 2 finite diffusion layer

2.1.6.7 - Non-ideal behaviour of the electrode-clectrolyte interface

The charge transfer resistance and the electrochemieal double layer of the
electrode-electrolyte interface have so far been assumed to behave as a perfect
registor-capacitor network. Perfect semi-cireles are, however, rately obtained in
practice?® 13T Tpe depression, often observed, causes the centre of the semi-
circle to shift below the Z'-real axis, and the value of the resistance ia no longer
given by the diameter of the semi-circle, but by the chord, AB, as shown in Figure
2.12, The angle that the diameter subtends with the Z-real axis, B, is known as the
depression angle,

Cole and Cole"™ assumed that the depression observed in the semi-circles

was caused hy a distribution in the time constant, 1, about a mean value, 1.

Inhomogensities on the electrode surface, leading to Iocal variation on R, and Cy

over the surface, are congidered to be the cause for the time constant digpersion,.
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Figure 2,12 - Depressed semi-tircle (for charge transfer only),

Only the simplest process, single-ene step reaction, has been considered in
the previous sections. However, in most practical cases, the electrode reactien is a
multi-step process. The additienal processes have a complex effect on the
impedance response of the system. Complicated impe-::lan:::e Tesponges may he
produced by processes such as adscorption of intermediates, gurface films, and so0
on. A discussion of all the processes that affect the impedance respense is out of
the scope of this thesis, Instead, emphasis wiil be given to the influence of organic
coatings on the Impedance of metals, It must he pointed out that, in general, the
complex impedance plots originating from multi-step reactions, can bhe

represented by a modified version of the Randles equivalent cirenit.

2.1.6.8 - Paimnted metal equivalent circuits

An equivalent circuit model for the painted metal-electrolyle interface

requires inclusion of paint Hlm parameters to the cireunit of Figure 2.8. Many

(139-143) 1 5posed & model similar to that shown in Figure 2.13.

[34,141)

workers

Some workers interpreted the resistor, R, as the pore resistance dne

to electrolyte penetration, A more rapid solution uptake was suggested to cccur at
damaged arcas of the filmu'ﬂ}, or at pre-existing heles, or porous areas in the

polymer with inadequate cross-linking'™*. Mikhailovskii™*® interpreted the

capacitor, pr’ in Fipure 2.18, as the capacitarce of the electric capacitor

consisiing of the metal, paint and alectrolyte, with the paint film as a dielestrie.
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(34

Kendig and collaborators™" considered G, simply as the capacitance of the intact

(143}

fiim, and Walter as the capacritance where rapid electrolyte penetration does

not geeur,

zll

-

j ‘
S B = Z
8 E

Figure 2.13 - Complex plane plaot (Nyquist plot) and equivalent circuit
maodel of a painted metal-eletralyte interfacet#),

The time constants for the paint film, Tt o and for the metal, 1_, are given
by:
Tor = By Cor ; t, = B, C, (2.37)
If 1,¢>1,,, the semi-cirele ocbserved at high frequencies is attributed to the
paint film, which is usually the case,
The following criteria must he met if two distinet semi-circles are te he
observed 4%
G) 02<(Ry/R;)s b {2.38)
(i) T,/ 7 220 {2.39)
According to the first criterion the two semi-circles diameter cannot be too

different, and the second criterien implies that the values of w__, for each semi-

circle cannot be too similar. When these eriteria are not met, the two semi-circles




interact with each other, and the compenents of the equivalent electrical eircuit
are diffieult to be separated. Figure 2,14 gshows an example where one of these

criteria are not met, and the two semi-cireles are not distinetly separated.

z ——-
= 20

X z;

Figure 2.14 - Complex plane plot and equivalent circuit of a painted
metal-electrolyte interface with an indistinet =zeparation of the paint
film and metal components.

ItTregularities in the shapes of plots of practical systems should be dealt
with carefully, since they can indicate the presence of other components in the
equivalent circuit medel. Inaccurate components values wili result when the
eomplex plane plot (Nyquist plot) is treated as if there was only one semi-tirele,
but in reality it is a cnn::binat.inr{ of two interacting semi-circles, For the case of
clear separation into two time consiants, the respective eomponent values ean he
obtained by treating each time constant separately. More complicated analysis
will be needed for the cases of interacting semi-circies. Some methods such as
iterative curve fitting, deconvolution and others, have been developed for caszes

where impedance data present difficulties in interpretationﬂ“].

Diffusion processes within pores in the point film

To account for the effects of diffusion processes within the pores in the paint

film, the Warburg impedance, Z, is included in the circuit of Figure 2.13, placed
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in series with R_,. The capacitance of the double layer, Oy, may"*¥ or may not"*¥

appear in parailel with B +Z_ .
At o = G, {no diffusion process), the complex plane plot is identical to the one
shown in Figure 2.13. At higher o values, a diffusien tail begina to appear at low

frequencies, attached to the second semi-cirele. When o becomes about equal to
R

o the diffusien tail begins to cverlap the second semicircle and Eub"tend;e, an

angle of 45° to the Z' axis. The overlap becomes increasingly more severe at higher
values of ¢ , and finally , the diffusion tail completely distorts the semi-eircular
shape of the second semi-circle, being initially greater than 45° to the Z' axis,
Fipure 2.15 sheows the increasing effects of the diffusion on the complex plane
plots {Nyquist plots) of a painted mefal—electrulyte interface™*Y,

The values of o can be estimated by finding a region on the Nyquist complex
plane plot at low frequencies where the diffusion tail is inclined at an angle of 45°
to the Z' axis. Within this region o can be calcuiated from Z" = ow 2 which is

obtained from equation (2,25,

2.1.6.9 - Practical impedance measurements

The impedance measurement of a system consists of the application of an
alternating (sinusoidal) voltage signal to the system, and the analysis of the
response to this perturbation. The {requency of the alternating signal is generally
varied over 4 large ranpe. The input veltage and current response of the system
are measured during the test. The maximum amplitude of the applied a.c.
voltage must be sufficiently low to not induce damage by perturbation, but high
enough to provide a measurable current at low frequency“"’m. The impedance
components generated are plotted either on a Nyquist (real versus imaginary) or
Bode (log modulus of the impedance versue log frequency plus log phase angle

versus log frequency) plot. These data normally require analysis by computer.
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Eariy experiments were carried out using a.c. bridge methods,
oseillopraphic methods, and phase sensitive detectors, such as lock-in ampliﬁers.
Thess measurements, however, were tedious and exfremely time-consuming

particulariy in the low frequency repion of the measurements,

Cpf

Figure 2.15 - Complex impaedance plots for a painted metal-electrolyte interlace
in the presence of diffusion!i4,

Ir recent years, the advent of modern digital techniques, simplified
enormeusly the aequisition and analysis of data generated by a.e. techniques,
These techniques involv:e the use of dipital frequency response analysers,
(F.R.A.). The F.R.A. consists of a programmable generator and a two channel
analyser. The generator provides the disturbing sine wave, and the analyser
correlates the voltage and current responses of the system, The information is fed

to a microcompiter via an interface. The generator is then reset td a new

frequency by the microcomputer's software, and the process is repeated. Several
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arrangements can be used with the F.R.A. to obtain electrochemical impedance

measurements. The two methods employed in this work are presented below.
£) Two-electrode impedance measuremenis

The cireuit diagram for this arrangement ie given in Figure 216 The
output from the F.R.A. is applied across the cell and a counter resister, R, in

gserieg. The resulting cell current and wveltage are measured on the F.R.A.
channels Vg and V_ respectively. Since the operational amplifier has a very high

input impedance, the point A 18 a wirtual earth, and thersfore the current, i,

flowing in the cell and the counter resistor, R, is the same'*®,

Fram Ohm's law:

: Ve _
i = £ - Yo (2.40)
Ze R
and the cell impedance, Z,, is given by:
- Vg, | 2.41
Ly = v, R (2.41}
where V; = Output voltage of generator
V., = Oufput valtage of operational amplifier
Z, = Coll impedance

v
[}

Counter resistor.

The F.R.A. measures the ratio Vch, and since R is known, Z_ can be

calculated. For bare metals, the two working electrodes must have similar rest
potential, since a large potential difference between the two electrodes introduees
an additional impedance to the measurements. When twe similar electrodes are
used, the cell impedance will be twice the impedance of each electrode, so the

impedance for unit area {Q.cm?) is given by"1®,

Z=7/2 (2.42)
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In the case of painted metals, a low impedance prcbe {large piéf:e of
platinum or graphite} can be used. Thie configuration is useful for experiments
carried out at the rest potential.

The input impedance of the operational amplifiers used nowadays is of the
order of 102 Q, and impedarces 21p to 10"% & can be measured accurately if a
suitable courter resistor, R, is used. The operational amplifier in Figu-ife 2,18 is

wired in a current to voltage converier model"*®,

R
Cell
4 /P
R,
: zn
v
g
T.FA.
Generator

Fipure 2.16 - Circuit diagram for two electrode impedance measurements.
it} Three electrode impedance measurements

Ir this configuration, Figure 2.17, the generater ontput is conneeted to the
external input of a potentiostat. The potentiostat is used to control the d.c.
potential of the working electrode. The required working potential is set using the
internal reference on the potentiostat, The F.R.A. superimposes a sine wave
signal upen the fixed potential level. The a.c. signal is then applied and the
measurements taken. The cell current is measur-ed across the potentiostat's
counter resistor, R, and the cell voltage is taken between the wm:ktir;g and

reference electrodes. Similarly, as in the two electrode configuration, the F.R.A,

measures the ratic of the cell voltage, V, , to the voltage across the counter
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resigtor, V. The manner in which the F.R.A. is set, only the a.c. response is

analyeed. The d.c. component i eliminated electronically by the F.R.A. In this
arrangement, phase shifts oceurring in the potentiostat at high frequencies, are
minimized. If the impedance due to the counter electrode is negligible, e.g. inert
glectrode of relatively large area compared te working electrode, then the

impedance of the system for unit area of the electrode, is:
Z=2%ZA (2.48)

where A is the area of the working electrode.

A
| TFA.
| (Generator —L

Figure 2.17 - Circuit diapram for three electrode impedance measurements,

2.1.6.10 - Graphical representation of impedance data

The complex plane plot , also known as Nyquist plot, and the Bede i:-lnt are
the two most common methods of presenting data for the determination of
equivalent circuit component values. In the previous sections, only complex plane
plots have been presented. The complex plane plot often gives a good ﬂu*;yne of a
system. Flowever, it has been suggested’*” that the Bode plet preseﬁts the

impedance data in a clearer way. The Bode plot consists of two curves, that of the
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Ingarithm of the modulus of the impedance, (logiZ1), and of the phase angie, B,
plotted versus the logarithm of the frequency. A pure resistive element on such a
plot is represented by a horizontal line and a constant & of 0°, while a pure
capacitive element is a straight line of slope -1 and a constant @ of -90° A
Warhurg impedance is a straight line of slope -1/2 arnd a phase angle B of -45°, .

The Bode impedance plots for some of the systems preaentéd in the previous
sections ar;a shown in ¥igures 2.18 to 2.21. The regions of transition between
asymptotie values correspond to those regions where the resistive and capacitive
reactions have comparable valueg, neitker being completely dominant, Their
equivalents in the Nyquist plots are semi-circular sectiona.

The main disadvantages of the complex plane plots are:

1} the frequencies are not uniformly distributed on the plot, and

ii) since the measured values of frequency of individual pninté have to be
digplayed on the plot, this can Iead to overcrowding, mainly in the kigh frequenecy
region. Another disadvantage is that a change in value, for example of the
capacitance, still retains the shape of a semi-circle, and the change is only noted
in the different pesition of a given frequency on the curve, Bode plots are mere
guited for systems showing more than one fime constant, and where one or more
of these are changing. For systems with widely separated time constants, the
complax plane plat will require mora than one diagram to represent distinetly the
various processes, 28 otherwize parts of the plot will be ﬂramped{lm.

The use of Bode phase diagrams as standard plots has been recommended,
since all the experimental data are equaliy represented, and since the phase
angle is a very sensitive indication of the occurrence of additienal time constants
in the impedance spectrum, identifying the presence of plet shape
irreg‘ularitiesmﬂ. Nyquist plots are, however, believed te be easier in identifyving
the presence of and analysing the values of Warburg diffusion impedanceu‘im_
Thus, both plots, Nygquist and Bode, are complementary to each sther when used

s;imultaneuusly.
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2.1.6.11 - Limitations of clectrochemical impedance techniques

Although eclectrochemical impedance techniques present several
advdntages over d.c. techniques, and these have been presented in previous
sections, they are not without limitations, One of the major .imitations of these
techniques 1 that it only provides corrosion resistance, corresien rates are not
abtained. The interpretation of the impedance data is usually difficult and this is
most. probably the area where future work ie required. Diffieulties are also
associated with the accuraey of the technique itself. In some cases, an appropriate
roodel cannot be found to fit the impedance data, and in other cases even when the
equivalent cirenit is known, components values may not be resolved®*? . The
anzlysis of impedance spectra is also difficult when one of the components of the
model presents a very high value, or when the time constants of the various
processes involved interact. In the cage of painted metals, if in the initial
~ immersion periods the nature of the painied metal is highly capacitive, the lower

frequency behaviour cannot be resolved into individual cumpnnentsm”, or can

only be resolved at longer immersion periods™®.

Inaccurate interpretation may also resuit beecause not ail eemi-circles and
straight lines on the c‘nmplex plane plot represent valid impedances 4", The’
application of Kramers-Kronig relationship, (K-K) is recommended in these eases
to test the validity of the impedance respunseuam. For the application of (K-K), four
conditions must be fulfilled: (i} causality meaning that the responee of the system
iz due only to the perfurbation applied; (ii) linearity, which requires that the
impedance be independent of the magnitude of perturbation, (iif) stability which
means that the system must return te its original state after the perturhétiﬂn is
removed, and (iv) the impedance must be finite at w—0 and w—r~, and continuous

and of a finite value at all intermediate frequenciesmm.
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Figurse 2,20 - Bode plot for a painted metal-clectrolyte interface without diffusion effects.
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Figure 2.21 - Bode plot for a painted metal electrolyie interface showing the effect of varying
diffusion cosfficients an Nyquist and Bode plot shapes, a=107(1), 6::108 (2], a=107(3){143!
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The correct interpretation of depressed semi-circles also presents
difficulties. It has been shown that two different interpretations can be applied to
the same Nyquist depressed semi-cirele™ ¥, Analysis according to Cole-Cole

t128) \ras found te give a similar plot shape to the true

frequency dispersion
analyeis of a model bazed on twe heavily interacting time constants. Severely
depressed semi-circlee may also be interpreted either as extreme caﬁegl of Cole-
Cole dispersien or as undispersed diffusion®®.

Walter''** in a review on impedance methods for the analysis of corrosion
performance of painted metals, suggested several possible causes for the
dispersion in organic coated metals. These included; paint film local thickness
variations, locas areas of greater solution uptake leading to networks in the paint
film, wvariations in substrate-paint adhesien, surface heterﬂgen;eity, high
resistance surface films, adsorption of reactants products or intermedigtes
species on the substrale surface, series of complex reaction steps at electrode-

electrolyte interface, solid corresion products of the substrate developing in paint

film defects, porous electrodes, and surface roughness,

Cemplications mey also arise due to inductive loops and diffusion tails
whick bend toward the real (Z2) axis at low freguencies, and these must be
considered if an aceurate eguivalent eireunit is to model the impedance data™*¥.
Finally, although the time duration of the impedance test, for a frequency range of
10° Hz to 10 Hz, is Jow when compared to weight loss measurements, it is still

considered long for rapidly changing systems.

2.1.6.12 - Elecirochemical impedance applied to coated metals

In recent years, the large amount of work reported in the literature has
shown that the electrochemical impedance technique is particularly useful in
analysing interface processes, and coating perfﬂrrﬂanceﬂa’m’”’ldﬁa], If the

impedance is eampled over a large fregueney range, the various processes
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involved in the protective action of the coating can be determined, The
interpretation of the resulting impedance data allows the determination of the
individual cemponents of an equivalent electrical circuit that best approximates
the behavicur of the painted metalfsolution interface, Also the analysis of the
changes in the component values of the circuit during immersion provides not
only mechanistie information on the degradation of ceatings but alse a
quantitative means of comparing the performance of different samplesm“.

The electrachemical impedance technique has proved to be a successful tool
for fellowing the degradation of the paint film and the corrosion reaction

occurzing at the substrate surfare'’®"1%%

. The highk frequency semi-circles,
ohserved in Nyquist complex plane plots, have been fouind to represent the intact
part of the coating whereas the low frequency data points have heer{'assmiated
with the Faradaic process occurring on the bare metal through the defects and

pores it the coating{m's‘l‘mg'l‘m.

Hepburn and co-workerst®"

concluded that diffusion impedance responses
for cerroded painted mild steel are caused by diffusion of electroactive species
through the corrosion product in the pores of the coating, and this controls the
corrosion reactions in neutral solutions. According te the same authors, where
soluble corrosion products are formed, diffusion centrol gives way to charge
transfer control of corrosien reactions at the base of the pores. Callow and
Scantlebury™® also associated diffusion impedance response with the formation
of insoluble correosion products on painted metals, and Beaunier st al'*%8 ghserved
g charge transfer response when soluble corresion preducts formed at the base of
pores in the ceating.

The coated metal/solution interface has bean largely
described 1 3614041160,161) o0 5p slectrical aguivalent cireuit reflecting a perous
film behaviour. The resistance associated with the paint film resistance, is
considered as a pore resistance dne to elecirolyte penetration. Mansfeld and

{140}

collaborators pbeerved that the penetration of the coating by the electroiyte
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resulted in an impedance hehaviour typical of a dielectric film short-circnited by
conducting electrolyte paths perperdicular and parallel to the polymer/metal

interface. Titz and co-workers't%

carried out electrochemical impedance
measurements to describe quantitatively perfect and imperfect coatings, They
concluded that if insoluble corrosion products, formed during lnng-timé EXposuTe
at the corrasion potential, cover the ancdic area at the metal:"electrnlyte- interface
and plug the pores, the characterization of the corrosion protection by imperfect
organic coatings can become difficult. )

Feliu and collaborators™® nsed peelable flms to separate the effect of the
metallic substrate from that ef the film ir the impedance diagrams, The metal-
paint system showed only a single semi-circle whose high frequency diameter
was greater than the semi-circle diameter of the free film. The semi-cirele
corresponding to the metal-paint system was then suggested to inclu-de both, the

ionic resistance of the paint film and the polarization resistance of the corrosion
reaction, Two semi-circles only appeared when the time constant corresponding
to the corresion reaction, t, , was much larger than the cne corresponding to the
ionic resistance of the Hlm, ¢,. The condition t, »> t, was enly found to oceur when
the pores in the coaling exeeeded a critical size. Previeusly, Faidi and

Sl:ﬁmtlEl:n.u':f““"4:I had also found that only a high frequency semi-cirele is obgerved

when R, »>>R,, twe could be seer for R;>R,, and a low-frequency semicircle was
noted for values of R, close to Ry, with R, representing the characteristics of the

high resistance selution which simulated organic coatings, and Ry the corresion

Process.

2.2 - Methods for surface chemical analysis

Two spectroseopic techniques for the chemical analysis of surfaces, X-Ray
Photoelectron Spectroscopy (XPS) and Auger Spectroscopy(AS), were used in this

work, and the basics of these technigues are briefly presented balow.
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2.22 - X-Ray Phoioelectron Spectroscopy (XPS)

y X-Ray Photoelectron Spectroscopy is a pewerful tool in chemical analysis
a_n}l in the determination of orbital changes of both neutral and ionic species, The
method utilizes the characteristic kinetic energy distribution of the photoelectrons
that are gjected in the photo-ionization process. It Involves the ionization of atoms
or molecules in the surface of sample by & beam of moncenergetic photons with
energy hv. The incident photons are produced by an X-ray source and focuszed on
the sample surface' 1% In this proceas the sample loses an electron from an

inner or cuter shell, according to:
M+ hv — M+(Eint) + e {2.44)

where M" is the resulting ion formed
E. , is the internal energy associated with the formed ion
e is the product photo-electron
v is the frequency of the incident photon
h is the Planck's constant.
The photoionization process is schematically represented in Figure 2.22.

Ei i_Ilcludes electronie, vibrational, and rotational energy of the iens. IfE, =0

the ion formed is In its ground state. If photo-ionization is to eccur the incident
photon must possess an energy higher than the lowest ionization potentiai, Iy, of

&5
the sample atom or molecule!

When rmonecenergetic photons are used for ionization, the kinetic energy of

the photoelectrons ejected is given by:
Fp=hv- (Ip + ) (2.45)
Eguation (2.45} provides the ionization potentiz] of the sample to form its
own ichis in a certain energy siate. Since ionizafion potentias, also calied binding
energies, are characteristic properties of atoms and molecules, the methed

“provides a divect means for chemical analysis.
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Figure 2,22 The basic photoionization process! 89,

In principle, the binding energies of all the electrons in a species, from the
most weakly bound te the most strongly bound may be prowvided by Phﬂtueleﬁtmn
Spectrusmpyum. Figure 2.23 shows the photcionization of an atom in the sample
surface, by removal of a 1s electron from the K electron shell. If the binding
energy associated with the orbiial & less than the energy of the incident pheton,
ejection may occur.

The basic requirements of the technique are relatively simple consisting of
a moenoenergetic photon source and an electron energy analyser“sﬁ}, The
recorded spectrum may serve either to identify the elements present and/er

U585 A photoeleetron

provide information about the struciure of the sample
spectrometer consists of a source of monechromatic radiation, a sample
compartment where the photoelectric effect takes place, an energy analyser
which can be controlled to allow only electrons of specific energy to pass, and an
electron detector. The photocurrent measured by the detector is sent to some
recording device, and is plotted apainst the setting of the energy analyser to

provide the Epectmm{lﬁa}.

Limitations of XPS ltechnique

One of the major drawbacks of this technique is that the incident photons
cannat be forussed, thus spatial resolution within the overall area of a few

millimetres square which contributes to the signal, is little or none®®
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Difficulties are also met in finding the proper area of the specimen for the
analysis, or at what stage the analysis should oecur, Useful information can be
obacured by various factors such as contamination due to specimen handling,
oxide formation upon specimen exposure te air, inappropriate cléaning
procedures, and/or conditions required for the analysis (vacuum land beam
effects)'! ™. Control specimens and few standards are needed for a direét analysis
of a corroded specimen. Another pitfall of the techoique is its inability to detect

hydrogen and helium .
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Figure 2.23 - Schematic representation of the basic photoionization process'157),
The other electron spectroscopic technique used in this work is concerned
with electrons released in a secondary step fallowing the initial ionization, known

as Auger Spectroscopy,

2.2.3 - Auger Spectroscopy (AS)

In this technique, electrons are emitted from the surface of the sample
from an excited state produced by an incident beam of X-ray photons or electrons.
Whereas the photoionization is a one step process, the Auger process is 4 two-step

process, and the enerpy of an Auger electron will depend only upan the electrons
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energy levels of the states involved in the secondary process, being independent on
the energy of the incident species. Thus, the electrons released in ﬂﬁger
Spectroscony are determined only by the nature of the atoms from which they
originated and their chemiecal environment, and a mnnachmmatic- souree to
study Auger spectra is not needed.

In Auger spectroscopy the primary process consists of the absc;rptian of
energy by the sample wher bombarded, and the gjection of an electron out of an

inner orbital (e.g. orbital K). The vacancy created is then filled by an electron
falling back from a higher level {e.g. L}, thereby providing sufficient energy to

eject a econd electron from the molecule, the "Auger electron™*™,

The energy of the Auger electron is expressed as:
Boy= Fye - By - Erpg By | (2.46)
where the term ]E']L23 represents the level from which the second electron is lost,

Figure 2.24, As it can be seen, the Auger process involves transitions between
three electror orbitals. The erergy analysis of the Auger electron also leads to
information about the energy levels of the sample{ms’.

Usually Auger Spectroscopy it used in econjunction with or eomplementary
toc XPS. There 15, however, a marked difference between the two techriques.
Whereas XP3 energy is dependent on both, the incident pheoton energy and the
electron binding energy, Auger energy results only from the electron binding
enermies. This difference is nsed to distinguish between photoelectrons and Auper

(73 Since a moncenergetic beam of photons or electrons are not

electrons
necessary to excite the Auger electren spectra, experimenfation may he simpler
than for XP3, but the interpretation of the resulting spectra is generally more
difficult than for XPS because of the three-electron nature of the whole

prucessus”.



Limitations of the Auger Spectraoscopy

The same limitations concerning the handling and storing of specimens,
prior to analysis, and the limitations due to vacuum requirements, encountered
for XPS analysis apply to AS. The elements hydrogen and helium cannot also be
detected by this technigue.

Both technigues, XP5S and AS, require an ultra high vacuum environment
for their operation, to enable detection of emitted particles and to minimize
contamination, Each has surface depth sensitivity of the order of nanometers, but

15 not limited to that because of depth profiling methods.
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Figure 2.24 - Schematic representation of a KLlLﬂﬁ provess. The steps in
Auger electron emission are represented by (13(2}, and (3) respectivﬁly“m.

AS and XPS techniques provide promising metheds to determine the exact
location of bond rupture during coating breakdown. XPS elemental analysis have
been used to study the interfacial compesition in corresion-induced paint de-
adhesion. Hammon and co-workers"'’® determined the elemental compn§itiﬂn of
interface and surface for different coating systems, and their results supggested
that polymer degradation by eathodically produced hydroxide ecccurs in

conjunetion with eorrosion induced de-adhesion. Examination of the high
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resolution spectra allowed identification of at least seme of the products formed,
and confirmed the degradation of polymer coating near the interface.

(172) employed the XPS technique to compare

111‘1 Dickie and collaboratore
mechanical and ceorresion induced de-adhesion of oxidatively e¢ross-linked
polybutadiene coatings applied to bare steel. The technique allowed the distinction
between the two types of induced de-adhesion. The interfacial surfaces formed by
extensive cathodic polarization de-adhesion were much richer in oxidized carbon
species than either the air-exposed or mechanically de-adhered surfaces, and also
presented ionic residues. The loealization of failure was different in both cases.
The corrosion induced failure was localieed closer to the substrate-coating

interface than the mechanica: de-adhesion, and oceurred within a more highly

oxidised layer of polymer adjacent to the steel surface.
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CHAPTER 3

THE ELECTROCEEMICAL BEHAVIOUR OF BARE STEEL SURFACES

3.1 - Introduction

The behavieur of a coated system can be affected by the substrate and its
properties. There is a general agreement that the rusting beneath organic
coatings is electrochemical in nature and the mechanism is identical to that of
the rusting of bare steel'®, Even if there are some differences between the two
cases, bare and coated steels, such as mass transport steps and the fact that the
carrpsion product is confined in a localized area beneath the coating, the
knowledgs of the electrachemical behaviour of the substrate can help in
understanding ihe corrosion behaviour of these materials when subsequently
coated and exposed to corrosive enviranments. With this aim, bare steels used in

thiz work were tested electrochemically for their properties, near and at the

corrosion potential, K . or when these materials were far removed from E__.

Sory?
Tests were also carried out on the steels corroded after expesure to corresive
YAPOUT.

For the study of the electrochemical behaviour of the steels used, varicus
technigues were employed, including: {1) measurement of corrosion potential
with immersion time, {2) linear pelarization, (3} Tafel exirapelation
measurements, (4} electrochemical impedance, (5) potentiodynamie polarizatian

curves and (6) cathodic reduction curves.
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3.2 - Experimental
3.2.1 - Materials

The materials used in this work corresponded to five different steels. Two of
these Btecls were of the mild steel type, and the other three had composition
typical of low alloy steels, One of the steels presented in this chapter, a low-alloy
steel type, was only used in bare conditions for reasons of limited availability. The
gteels used in this werk were provided by twoe different makers. Each
manufacturer supplied at least a mild steel and a low-alloy steel type.

The chemical analysis of the steels studied were obtained by emission
spectroscopy at the Materials Science Centre - University of Manchester/UMIST.

The elemental surface comporitions of the various steels are giveri in Table
3.1, and their respective microstructures, ebtained by optical microscopy, are

shown in Figure 3.1.

TABLE 3.1 - Elemental composition of steels studied,

| Steel A-36 sl MS LAS] LASII
T 0.2G 0.11 0.058 0,092 0.076
gi 0.04 0.47 0.012 0.062 0.36
mMn 0.67 0.78 0.24 0.49 0.36
5 0.028 0.010 0.m2z 0.009 0.00G
P 0.011 0.013 0.011 0,004 0.093
cr .50 1.56 0.88
Ni 0.016 (.02 0.02 {3,001 0.013
Mo 0.01
Co 0.005 0.007 0.006 0.009 0.006
Cu £.01 0.32 0.03 0.11 0.25
Ti 0.003 0.03 0.003 {(.004
Al 0002 .03 0.046 0.035
sn 0.004 0.006 0.013 0.007
Fe balance balance baiance | balance ! balance
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{d) (e}
Figure 3.1 - Micraostrueture of steels uaed; (a) MS, (b) LAS 1, () LAS IT, {d) A-36 and {e) TSI,
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3.2.2 - Working clectrode preparatior.

To prepare working electrodes for electrochemical testing, steel specimens
were cut to give an area Ef 1 cm®. The working electrodes were prepared by
soldering a piece of copper wire for eiectrical contact, and then cold mounting the
specimens in an epoxy resin. The wire was encapsulated in a plastic tube, which
was fixed to the mould with epoxy resin. The surface was polished using silicon
carbide paper of grades 600, 800, and 1200, successively, rinsed in deionized. water,

and then hot air dried. The electrede was stored in a desiceator over silica gel for

subgequent testing.
3.2.3 - Test solutions.

The test selutions used in this work were 3.5%wt sodium chloride, and
0.5M sodium sulphate. In each case the pH of the bulk solution was
approximately 6. Before the tests were carried out, the test solution was aerated
using ar air pump for at least 1 hour, All experiments were conducted at ambient

temperature,
3.2.4 - Experimenta! procedure.
3.24.1 - Electrochemical corrosion potential measurements

The electrochemical corresion poiential for the steel electrodes used was
monitered relative to an external saturated calomel reference electrode, via a
Luggin tube,and measured by means of a 1503-HA Thurlby digital multimeter.

The corrosion potential was registered using a Servoscribe chart recorder.

3.24.2 - Linear polarization measurements

In order to determine the relationship between the overpotential and

current in the direct vieinmity of the free corrosion potential, the measurements
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were taken by manually adjusting the potentiometer on a ACM Ministat
potentiostat, and by taking the average value of the high and the low ﬂuctﬁati_ng
curirl"snt, 3 minutes after the disturbing potential has heen applied.

Initially, the steel electrodes were immersed in the aerated solution tests,
3.5% wt sodium chieride and 0.5M sodium sulphate, and lelt for several hours,
until a steady value of corresion potential was reached. After the corrasion
potential has stabilised, potentiostatic measurements T.;fere carried out by
changing the potential by 5 mV steps up to 20 mV, in both the anodic and cathodic
directions. For each step the potential was kept for 3 minutes, This procedure was
adopted for Teasons of comparison with previcus work undertaken at UMISTI),
The three electrode cell used in this experiment consisted of a platinum counter
electrode, the working electrode as described above, and a saturated ealomel
reference electrode connected to the cell by a Luggin eapillary probe. The volume
of the test solution used wae approximately 700 m! for each cell. Experiments
were carried out at ambient temperature (22 + 2°C). The experimental set-up for

the polarization resistance measurements is shewn in Figure 3.2,

| "HIGH INFUT
IMPEDANCE VOLTMETER
_ OR
I CHART RECORDER
c o
Ext | Rel HIGH INPUT
ol © IMPEDANCE
VOLTMETER
OR i
CHART RECORDER: |

L.

Figure 3.2 - Experimental zet-np for polarization resistance experiments.
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3.24.3 - Electrochemical impedance experiments.

A three electrode set-up was used for performing the electrnchemicgl
impedance measurements with the bare steels. The experimental set-up is
cutlined in Figure 3.3, and the circvit diagram for this set-up is shown in Figure
2.17. The frequency response analyser (F.R.A.) Iused was the Solartron 1250. A 10
mY¥V amplitude signal was used for the analysis of bare steels. Measurerﬁents
were conducted in the 10 ikHz - 10 mH?z range, and seven data points per dec,;a.de of
frequency were taken. The potentiostat used with the F.R.A, was 2 Thompson
minigtat. The F.R.A. was interfaced with a BBC microcomputer. The provided
computer software was used 1o collect the data and contrel all peripheral devices,
including a disk drive to store data, and an EPSON RX-80 F/T printer for the
print-out of the data.

The electrochemical cell used consisted of a 1000 ml flask in which the
working electrode, Lugpin capillary, platinum counter electrode, and gas bubbler
were placed. The volume of the solution used was the same as for the linaﬁr

polarization measurements.

TEA
generalor

1 ) e

—— '| POTENTIOSTAT

p o=
ijE R.E C.Ef.,,..,[
. — Ce.lll
@
1

Figure 3.3 - Experimental set-up for the three electrode system impedance measurements.
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3.2.4.4 - Full polarization curves

In order to obtain further kinetic data, potentisdynamic measurements
were carried out for the various steels in the range -1.0 V - +1.5V (va SCE). The
tests were conducted in both 0.5 M Na,80, and NaCl 3.5% wt solutions, and hy
sweeping the eisctrode potential of the steels at a rate of 20 m"i.:.n"minute. _

‘The relationship of the overpotential and the current, ie., the pnl‘arizatinn
eurve, characterises the dependence of the rate of the cathodic and anodic
reactions on the potential. This enables the investigation of the kinetics of each of

‘these reactians which together make up the procesz of corrosion.

The experimental set-up used consisted of a Ministat putenti;:-stat, supplied
by ACM - England, connected to the three electrode cell. An externai reference
potential was provided by a Hermes sweep generator. The electrnd_i; potential
between the working and reference electrodes was measured directly on a 1503-
HA Thurlhy Multimeter. The cell current was recorded on a Servoscribe chart
recorder, as & potential drop across an appropriate counter resistor. Figure 3.4
shows achematically the potentiodynamic polarization eircuit corresponding to

the system deseribed above,

SWEEP r
GENERATOR ? ?
POTENTIOSTAT
Control O O
O Exr, Input High
2 inpat
— o odigital
Ext. voltmeter
Mulimeter E. [RE | WE
o ot —e———
Chan &
Raegorde
e, Electrocheniical Cell
1

Figure 3.4 - Schematic diagram of potentiodynamic polarization cireuit.
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3.2.4.5 - Cathodic reduction curves

'The electrochemical investipation of the various bare steels also inciuded
the cathodic reduction of corresion products formed by exposure to a selected
environment. This was achieved by preparing the specimens ss described in
section 3.2.2, and exposing them to the vapour phase, at 54°C, of a solution of 108
M NaHS50, The sodium hydrogen sulphite was of the reagent grade, and the
solution was made up using deionized water. These exposura conditions were
selected becanse they yield corrosion preduct films similar to those formed during
atmospheric expnsureuaa}. The specimens were exposed to the vaponr phase for
20 days. At the end of this time a corrosion product could be seen on the specimen
surface. After removal from the vapour exposure, the specimens were immerzed
in a deaerated solution of 0.1M sodium sulphate, and the cathodic reduction
curves were obtained palvanostatically at & current density of ImA/em?®.
Deaeration was accomplished by sparkling with nitregen for 4 hours prier to
sample immersion. The electrochemical potential was measured by a high input
digital voltmeter which was interfaced to an HP-85 microcomputer. The current
value was monitored by a mulliammeter. The measurements were continued
until the hydrogen evolution potential was attained. Only four steels, two of each
type, were used in this test, MS, LAS I, A-36, and USI, The reprodusibility of the
data was established frem a duplicate sef, of epecimens.

A schematie diagram of the eircuit employed for obtaining galvanostatic
polarization measurements is shown in Figure 3.5. The cell uses a cenventional
three electrode aystem comprising a saturated calomel reference electrode (R.E.),

a platinum counter electrode(C.E.), and the steel working electrode{W.E.).
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Pigure 2.5 - Bchematic diagram ol galvanostatic pelarization cirenit nsed for
cathodic reduction curves.

3.3 - Results and Discussion

33.1 - Electrochemical corrosion potential, E___, vs time

Typical electrochemical corresien potential results for the different steels,
upen immersion in the test solutions, are shown in Figure 3.6, Initially the steel
specimens exhibited & definite starting petential (Estart), then slowly approached
a more nepgative value (Efinish). From these records it can be seen that the
corrosion potential reached a steady state aiter approximately 7 to 9 h. A time
corresponding to 1 day immersion was then chosen as remssonable time for
measuring the stable corrosion potentials of the steels studied, and also for
reasons of comparison with previous work™®", Tables 3.2 and 3.3 present the
stable corrosion potentials, taken after 1 day immersion in 0.5M Na,80, and
3.5% wt NaCl respectively, for the steels used, The values are an average of at

least three measurements for each steel m each condifion. It can be said, based on

02



these data, that the stable corrosion potentials for the different steels afier 1 day
immersion varied little. No marked difference ameng the steels ¢an be noticed
when they are compared in u same solution. The corrosion potentials for the
steels in 3.5% wt NaCl solution however, was always more positive by 50 to B0 mV
than the corresponding petentials for steels exposed te 0.5M Na,80, solution. The
repreducibility in the electrochemical potential data for the various steels was
considerably high, as shown in Tables 3.2 and 3.3.

Potential measurement cannot be used alene to obtain information
concerning corrosion mechanisms, but its variation with time ean be of great

value, if used together with other techniques.

=30

=
[
o
w
o
B &0
"
:
=1
_?sﬂ - . - a B -
Q 10 PLH
Time {hours)

Figore 3.6 - Typical E . vs time curve for steels used upon immersion in 0.6M Nas8G solution.

TABLE 3.2 « Corrosion potcntial of the various steels after 1 day immersion in .56 Neg30,,.

Steel Fotential (mV vs SCE)
s S S
M5 {-73 + &}
LAST (-732% 18}
LAS I {-720 £ 20}
A4 731N
sl (730 = 5)
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TABLE 3.3 - Corrosion poientinl of steels studied after 1 day immersion in 3.5% wt NaCl.

Steel Potential (mV vs SCE)
“ b MS {-687 + 7
LAS I 660 £ 20)
LASII {-662 % 13}
A-36 {-662 + 2
| _usl (67920

3.3.2 - Linear polarization measurements.

Linear polarization curves were obtained for the diverse steels in 0.5M

Na, S50, solution, and are presented in Figures 3.7-3.11. For each test three lincar

polarization measurements were carried ouf. The wvalues of the polarization

resistance, Rp, were obtained from the tangent to a polynomial of second order
that best fitted the data, at nil current density. The equations of the polynomial,

and their correlation coefficient with the experimental data, are also shown in the

Figures 3,7-3.11.

Table 3.4 lists the mean values of the polarization resistance, RP, for the
. i

various stecls,

TABLE 34 - Mean Rp values for the sleels studied.

Steel Mean RP ;nluc
_ {f2.cm™)
MS {3793+223)
LAST {3765+400)
LAST {30124931)
A-36 {2410+403)
usr {2402+273)
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Figure 3.7 - Linear polarization curves for mild steel immersed in 0.5M Nay80, solution.
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Figure 3.8 - Linear polarization ¢urves for LAS I immersed in 0.5M Nag80y solution.
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Figure 3.9 - Linear polarization curves for LAS IT immersed in 0.5M Nao,S0, solution.
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Figure 2.11 - Linear polarization curves for USI immersed in 0.5M Nap S0, solution.
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The main reason for undertaking linear polarization measurements *n this
work was to compare our results with previous results obtained at UMIST'Y In

that work''®" the steels used corresponded to A-88 and USI, and the solution used
was 0.5M Na,50,. Table 3.5 presents both results, our and from previous

work'®V for cq mparison,

TABLE 35 - Comparison of K values obtained in this study with previous woz (108}

2 %
10l Rp .{ﬂ.{:m 1 Ilp m.m:;nl;_
[ this warle (from ref. ¥ )
A-36 (2419 + 383} -7
TS (2402 +£273) 400

~—

As can be seen from the tahle above, the results of thiz study differed

significant’y from the ones obtained in the previous published work™™, In

fact
the values obtained were larger by factors of approximately 4 and 6, for the steels
A-36 and USI, respectively. No definite expiaration could be offered to aceount for
this large difference. It should be added that the results of this work exhibited
good reproducibility, and the values agree favourably with R, data reporied in the
literature for steel in sud‘ium sulphate solutions''®®, However, in the previous
work®V there is no reference to the reproducibility of their results. This prohibits

a comparison of the statistics of the two sets of resalts. The results compared

ahove were both calculated as the tangent at B__. In the published work™®V,

however, the tangent was drawn at E by hand, and the manner in which this

Corr

is done can lead to different R values. Nevertheless, it is not believed that this

would be the only factor te account for such large differences.
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It can also be observed from the above data that the steels, A-38 and.USI,
produced by the same manufacturer, presented very similar results under the
conditions applied, which was small perturbation (£ 20mV)} from the free
corrosion potential, E__. These steels, however showed slightly lower values from
the other steels studied, which all criginated from another supplier. This
suggests that the two type of steels used in this research, mild steel and low-alloy
steel types, are not electrochemically different under conditions close to the
corrosion potentigl. However some minor differences seem to exist hetween
simrilar steels produced by different makers.

The specimens were visually examined for ecorrosion products in the first
hours immersion and also 1 day later. It wae noticed that corresion usnally
starled at some isclated pointe on the surface, Figure 3.12. The way corrosien
developed after that however varied even for the same type of steel. Tﬁis supEests
that even in cases where the same conditions are used, sugh a8 type of steel,
environment, surface finishing, other factors can still affect the corresion
behaviour of the metal. After I day immersion, some specilnens were removed
from solntion and their surfaces were wiped with tissue paper te remove the
brown loose corrosion product. Generalized corrosion was observed to be
associated with the areas where loose corrosion product was deposited. Other
areas of the specimens were cavered by an adherent dark blue corrosien product,
and these were generally lgcated between the loose corrosion products and areas
where no evident corrosion was seen. On those areas the surface was still
metallic hright. On some of the specimens, small localized correded spots were
noted and pits were observed when their surface was re-polished, This places
some doubts on the applicability of linear polarization technique in some of the
cases. Linear polarization fechnique only leads to reliable results in cases of
generalized corrosion. However, it must be said that since a fixed time of
measvrement, (3 min), was used for all the specimens, in this and the previous
1 (101

WOr , & comparison was possible.
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Figure 3.12 - Specimen M3 after the first hours immersion in 0.5M NapS0,.

3.3.3 « Tafel extrapolation measurements

-

In order to estimate the current density, for the various steels used in

carr?

this work, and to compare the values of i ___ cbhtained from different methods,

carr
Tafel extrapolation measurements were carried out. The results of Tafel
extrapolation measurements, for the varicus steels expesed to 0.5M Na,50 ,; are
presented in Figures 3.13 to 3.17.

Tafel extrapolation measurements were taken from the regions of the

polarization curves which corresponded to straight lines, on the overpotential vs

log current plots. The plot of 1 {overpotential) ve log i, can provide the values of b,

and b,, Tafel congtants for the anodic and cathodic reaction, respectively, which
are given by :

n,=b,logi +a_ forthe anodic reaction, and (4.1)

T = b lopi_+ a for the cathodic reaction. (3.2)

The corrosion current density, i, was measured from the intersection of

the linear regions of the anodic and cathodic curves, and are given in Tables 3.6

and 3.8 for the sodium sulphate and sodium chloride soiutions respectively.
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Figure 3.156 - Tafel extrapolation measurements for LAS IT in 0.5M Nns 80,
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Figure 3.16 - Tafel extrapolation measurements for A-36 in 0.5 NaoS0,.
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Figure 3.17 - Tafe] extrapolation measurements for USI in 0.5M NapB80,,

Table 3.6 gives the values of §

corr

cbtained from Tafel extrapolation

measurements for various steels in 0.5M sodium sulphate solution.

TABLE 1.6 - Values gbtained fram Tafel exdrapalation measurements in sulphate solution

I;|Il. bﬂ E iﬂﬂfr
Steel | (mV/deeade) | (mV/decade) | (mV/decade) { (1 Afcm?)
MS 61 216 3] 4.0
LAST &7 310 24 2.5
LASTI B4 245 % 2.0
A-36 67 222 2 a2
(sl T4 152 23 42




" It can be seen from the data gbtained by Tafel extrapolation meaaurerﬁents
that the values of i, were approximately the same for all the steels used. The B
values of the various steels studied were also very clese, and arcund 20
mV/decade. Thus no significant differences in the electrochemical behaviour of
the steels could be deduced from the results obtained by this technique, |

If it is considered that {a) no concentration or resistance polarization is

present, and (b) no oxygen is preseat to depolarize the elecirode, then i can be

Corr

obtained from:

i o tarPe 1 B 3.9
2303(b,+b,) R~ Ry

This, however, doee not seem to be true for the case under investipation.
Actually it was found that the anodic Tafel slopes were always lower than the

cathodic ones. B_:b_ ratios of approximately 4 were obtained for the steels MBS, LAS

I, and LAS II, indicating a cathodic contrelled corrosion reaction (e.g. uxyge:ik
diffusion]. For the other steels used, however, b_b, was around 3. This suggests
that for the two steels, A-36 and USI, the cathedic reaction is not as predominant
over the anodic one as for the other steels. Actually a mixed contrelled corresion
reaction where diffusion processes affect the corrosion rate could he operative.
This is suppoerted by the impedance data presented in the next section, 3.3.4. From
impedance measurements the corrosion reaction for these two latter steels was
observed to either he under diffusion or mixed {(diffusion and charge transfer)
control. For systems where the corrosion rate is cathodically controlled, the

following equation appliesm:

(3.4)
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Values of i, for the various steels were calenlated from equations 3.3 and
3.4, and using the values of Rp obtained from linear polarization megsurements,

{Table 3.4), and thease are presented in Table 3.7. The i __ values obtaired from-

Tafel extrapolation measurements are also presented in Table 3.7 for reasons of

CODPATISON .

TARLE 3.7 - innye values calculated from Linear polarization , L.P., and Tafel extrapolation,
T.E., measurements .

—i— FmAT— R — e — iy — - TR - - W e AL b —— - -

feorr Foorr Ecorr
Siedl (from L.P. and eq 3.3) | (from L.FP. and eq 3.4) from 1'.E.)}
{LA/em?) ’ {Lafem®) (Afem?)
ME 649 9.5 4,0
LASI 4.0 6. 2.5
LASTI 4.3 0.3 2.0
A-36 4.1 12.9 2.2
USL 8.3 _ 4 | a2

The first chaervation from the data presented in Table 8.7 is that the values

of i, caleulated using Rp mean yvalues are generally 2 to 4 times higher when

compared to i obtained from the Tafel extrapolation measurements, If the

CoLTr

various steels used are compared, it can also be noticed that i values calculated

eary
from L.P. measurements were slightly larger for the steels A-36 and USI when
compared to the other steels.

Tafel extrapolation measurements were also performed for the various
gteels in the 3.5% wt Na(l solution and their respective responses are shown in

Figures 3.18 - 3.22.
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Figure 3.21 - Tafel extrapolation curve for A-36 in chloride solution,
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Figure 3.22 - Tafel exerapolation curves for TST in chloride solution.

Table 3.8 gives the data derived from Tafel extrapolation measurements
(Figures 3.18 - 3.22).
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TABLE 3§ - Tafel ex{rapolation data for steels in 3.5% wi NaCl,

Stecl T by B toore

[ (mVidceade) | (mV/decade) | (mVidecade} | (pA/em?)
M3 T4 2 i 4.2
LASI 108 263 3 2,7
LAY 108 34 95 7.0
A-36 ) P s P 5.0
USi 128 230 % 3.0

The cathodic Tafel slopes are approximately 2 to 3 times higher than the
anodic ones. These results suggest that the corrosion reaction is under cathodic
control, since alterations in the slope of the anode line would scarcely affect the
intercept. The b_ values of the low-alloy steels were all similar, but the mild steels
uzed produced slightly smaller values. It is noted from Table above that B vaiues
of approximately 30 were generally obtained, the exception was the mild stee! MS

for which the value was around 20 mV/decade. However, ne large difference is

found in the estimated values of { .. for the various steels used, and altheough

Ml gy
LAS I and USI seemed *to show relatively lower corrosion current densities,
differences of that order could be caused by data estimation. A possible souzce of
error 16 the manner in which the straight line is drawn to fit the linear region of

the polarization curve.

3.3.4 - Electrochemicai [Impedance Measurements

The bare steeis investigated in this work yield Nyquist and Bode impedance
diagrams, at the corresion potential and after 1 day immersion in 3.5% wt NaCl,

as shown in Figures 3.23-3.27.
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Figures 3.28-3.32 show the electrochemical impedance response of the hare
steels in the 0.5M Nay 80, solutien, after 1 day immersion. Measurements were
conducted at the corrosion potential.

A quick analysis of the impedance diagrams shown in these Figures, leads
to the observation that the steels used ¢an be divided in two groups. The steels,
MS, LAS I, and LAS II, presented similar behaviour, in both sclutions, which
was sliphtly different from that exhibited by A.36 and USIL The latier, in tumn,
presented a similar impedance respense. Since the features of the Nyguist plots of
all the steels used reproduced well in the chloride solution, only three
experiments were performed in this medium. Nevertheless, two t.n:ias of response
were noted for some of the steels in the sulphate solution, Thus, four tests were
cor:ducted for each steel in this Jatter solution. It can be seen, from Figﬁres 3.23 to
3.25 and Figures 3.28 to 3.30, that in general a diffusion tail which henﬁed towards
the real axis was ohserved for the steels, MS, LAS I, and LAS 11, in both solutions.

Diffusion processes threugh a finite layer, could be operative in thége responses.

In order to compare RP values obtained from linear pelarization measurements
with data obtained from impedance measurements, "R;" values were estimated

as the chord AC of the arc that best fits the impedance data and is centered below

the real axis, Figure 3.33, The values of double layer capacitance, Cg, were
calculated from the plot of the imaginary part of the admittance, 1/2", vs the
angular frequency, w. The value of C; is equal to the slope of the curve as shown

in Figure 3.34. Tabies 3.9 and 3.10 give "R;" and G, values, for chloride and

sulphate solutions, respectively. The depression angle is given by 8.

The slopes of the logarithm of the modulvs of the impedance, log 1Z1,
defined in chapter 2, vs the logarithm of angular frequency, log w, was calculated
far the various steels used in the same range of frequencies, and are also

presented in Tables 3.9 and 3.10.
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TAHRLE 3.% - Impedance data for sieels exposed in 3.5¢% wi Nall solution.

C

"Ry Ca mean Cq sope
2 z
Steel (em? | Fldogree) | (mFiem?) | mFlem?) | 10012 |vslog w

— . =T e ]
1341 %0 1.5 -0.63
MS 1636 2 0.8 {1.440.5) - 0.67
1783 18 1.9 - .70

1273 A 1.0 -0.69

LAST 852 13 14 (1.140.3) -0.65
7 al 0.8 - 0.70
1909 15 18 . - 0.68
LASTI 1663 13 1.2 {1.520.3) 043
1818 15 1.6 -0.71
2.1 - 0.45
A-36 3.2 {2.740.6) -041
2.7 -0.47
3.3 -0.50
USE 1.7 (3.0£1.1) - 0.55
3.9 - D.42

e Indeterminate

TABLE 3,10 - Impedanee data for steels studied in 0.5 M Na,30,,.

"Rt " Cal mean Gg] slope
Siee {ﬂ.cmﬂ} I {degree} (HLF.I"CHS.E] {mecmz} lﬂg 1% v lﬁﬁ w
2614 n .8 - 070
241 i) 0.9 - 0L
MBS 2500 16 2.4 (1.2+0.5) - 072
11y % 0.8 = LG5
2065 18 0.8 -0.76
2009 18 1.3 - .76
LAST 2815 13 0.7 (0.940.3) - 0.74
2044 13 0.9 =71
25141 13 0.8 -0.78
2455 15 aT . - 075
LAS T 0755 17 1.3 {0,910 .07
2132 15 .93 -0,76
1063 22 1.1 - .66
17.5 -{.1%
4-36 1 .0 {3.246.8) - 0.28
+ 4 raE ﬁra - 0.35
1024 20 1.7 - {168
’ \ 11.8 - 034
Csl o .. 9.8 (6.35.2) - 031
1061 30 2.0 -0.58
... Indeterminate
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From Tables 3.9 and 3.10 it can be noticed that the values of "R;" for MS,
LAS 1, and LAS IIL, calculated from the impedance diagrams are smaller,
approximately 1.5 times, when compared with tke values of R, already presented

in the last section. One possible reason for the difference is that with Rp

evaluation, the diffusion resistance is measured as well, assuming that the
solution resistance is nepgligible. The values of the slope of Bode plot (log 1Z1 vs log
w), for the steels M3, LAS [ arnd LAS II are in the range -(0.63-0.73} {sedium
chloride solution}, and -(0.65-0.78), (sodium sulphate solution}. This supports the
idea of a mixed control for the corrosion process, so that the rate of corrosion is
determined by both, charge transfer and diffusion. In the cases considered,
diffusion of oxypen through a porous oxide layer iz beliaved te account for the
diffugion effect in the impedance response. LAS II produced less depressed semi-
eircles than the other steels in both solutions, and this could be indicative of fewer
interacting time constants and also less corrosien en the surface of this steel
Despite the miner differences between the steels MS, LAS I, and LAS II in beth
golutions, it can not be said that their impedance response is comparatively
indistinguishable. Similarities amoeng the steels produced by & same maker were
observed either in the features of the impedance response diagrams, suggeating
similar corrosion mechanisms, or in the values of "R;"and Gy obtained in a
same solution. Capacitanee values were similar in hoth solutions for the steels

MS, LAS I and LAS II.

Fipure 9.53 - Depressed semi-circle typieal impedance response, MNyquist plot, of
gome steels used, R is estimated from the chord AC, arid B is the depresgion angle,
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siope = Gy

w

Figare 3.84 - A piot of /2" versus w,

According to Juettner!2® Nyquist plots similar to the ones produced by the
steels MS, LAS I, and LAS 7, are the resull of the simultaneous occurrence of
charge transfer and transport processes in neutral serated media. Figure 3.35
showse his “inhomogeneous surface model”. In this model it iz sssumed that
metal diesolution occurs on parts of the corroding metal which are covered with

corrosion products, while oxyegen reduction occurs in the pores of the oxide film.

The equivalent circuit for thie model consists of the charge transfer resistance R,

and the traﬁspurt resistances, Ry, . Ryy and Rpg, deseribing the Nernstian

diffusion of oxygen, the inhomogeneous transport to the pores, and the diffusion of
oxygen in the pores, respectively, The electrode ecapacitance is given hy C,

Despite the simil}arities amang the steels mentioned ahove, some
differences were noticed a;x:ung these steels and particularly the two other steels
used, A-36 and USI. In sodinm chloride solutions, these latter stecls showed pn
impedance response indicative of a corrosion process under diffurion control,
Bode slopes (log 121 vs log w) were all around -0.5. The double layer capacitance of
A-36 and USI steels, in this same solution, was in the range (2.7-8.9) mF/em’, and
reproduced well for both steels. The general Nyquist plot features of this response
‘wae a partially resolved semicircle at high frequencies, and a low frequency tail
which sometimes bent towards the real axis. In the sodium sulphate aphition,
however, two typical impedance responses were obtained for A-36 and JSI. One,

wﬁich was common for the steels MS, LAS I and LAS il, consisted of a large
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The value of the double layer capacitance, Cy, for the steels A-36 and USI in

the chloride solution, was around 2 times higher than for MS , LAS ¥ and LAS IL
In the sodium sulphate selution, a large variation in Cj values was produced by
A-36 and USI steels. The variation was associated with two different kinds of
behaviour. Lower calculated capacitance values were always obtained when a
particular type of response was found, which was a diffusion tail hendingl towards
the real axis at low frequencies. On the other hand, much larger Cj values were
found when the Nyguist plot features corresponded to a high frequency semi-
resolved semi-circle and low frequency diffusion tail,

From the impedance data shown it seems that the steels used in this study
give two kinds of electrochemical impedance responses. Three steels, MS, LAS I,
and LAS II, displayed similar Nyquist plots, whereas A-36 and U_él, showed
comparable impedance characteristics. If the two groups with similar responses
are considered, it must be naticed that each group includes steels of the two types
studied, either mild steel type or low-alloy steel type. Thus the evidence obtained

from impedance response is that under the conditions analysed, which is fully

immersed in 3.5% wt NaC! solution and 0.5M Nao50, solution, and not far

removed from E, .., the two types of steels used can nof be differentiated. Since

however two distinet behaviour were found for two groups of steel, attention must
be paid to the common characteristice of the steels inside a group. The firat fact
that should be mentioned is that each group of steels with similar characteristics
were produced by the same manufacturer. This can sugpgest that the history of the
ateel, its mierostructure or composifion, is affecting its electrochemical
behaviour. The chemical composition of the steels is presented in Table 3.1. The
elements which are present in relatively higher contents fer the steels A-36 and
TSI, when compared to the other alloys, are mainly C an Mn, Figure 3.38. Carhon
and manganese In large amounts have been found to be detrimental to corrosion
resistance’*®”, Also manganese in significant contents can lead to the formation

of inclusions, mainly MnS, if the steel contains sulphur. "Active' sulphide
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inclusions are known as nucleating gites for pitting, Inclusions of the oxide type,
generally FeQ, 5i0,, Al,Q, and MnQ, also affect the corrosion properties of steels,
since they prevent the formation of passivating oxide fiims®™, An analysis of the
mierestructure of the various steels used seemed to be necessary at this stape.

This is presented in the next section,

u.a-l— cam _
' C conlant

2 g B Mn content
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E D4
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©

g 0.24

5 ' :

L] o s
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A-36 USISAE MS LAS !  Lagil
Stae'!

Figure 3.38 - C and Mn contents (%) of various alloys used.

Since a large variation in impedance response was obgerved for the steel
USI in sulphate solution, more tests seemed to be required in this particular
golution. Three more experiments were then conducted, and again both
characteristic responses were produced, Figure 3.39. Two of the sp:animezla
showed a response, Nyquist plot , whose features corresponded to a diffusion tail
bending towards the real axis, and the other, a response characteristic of a semi-
resolved semi-circle at the high frequencies and a tail with & slope of 0.7 at the lew
frequency range. The capacitance values were caleclated for the three specimens
and are shown in Figure 3.39. The three epecimens wera then removed from the
sulphate solution, re-polished and re-immersed again. This was done to checi if
surface finishing characteristics, mairly scratches, were responsible for the
distinct behaviour. The impedance plots obtained after re-immersion of the three

specimens reproduced very well the first ones, Figure 3.39. Thus the distinct
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behaviour could not be attributed to a difference in the surface finishing. It could
not also be related to the chemical composition, since all specimens were from the
game steqf.

The microstructure of the surface, inclusions content and size, of the three
specimens was then examined. The two specimens which presented the same
characteristic impedance response also had similar inclusions content.
Nevertheless the ome which produced distinet behaviour also exhibited a larger
eontent of inhomogeneities at the surface than the ather two. The characteristic of
the corrosion prodacts on the surface of the three steels was also visually observed
after the impedanee run wae over. It was noticed that for the two steels presenting
similar behaviour, diffusion tail bending towards the Z' axis, the larpger
propertion of the exposed area was covered by a brown and loose corrosion product
which was easily removed from the surface. The rest of the specimen showed a
dark blue and adherent corrosion product, which could not be removed by
rubbing. However, in the case of the specimen showing an impendance response
of a high frequency semicirele with a low frequency tail, the proportion of the area
covered by the adherent corresion product was larger than the arpa covered by
loose and brown corrosion pfnduct. It is believed that the large area of adherent
corrosion product exhibited by the steel USI {a) might have slowed the corrosion
rate. Thue as a result, the impedance response changed from diffusion of the non-
classical Warburg type to 2 mized contrel response. This was indicated by the
slope of the log 1741 vz log w plot of this specimen, USI (a), around 0.7. Charge
transfer and diffusion of reactants through the porous oxide layer might have
heen operative. Two time constants could be separated in the impedance response
eorresponding to the specimen with higher propertion of adherent corrosion
product, Figure 3.40, The first, related to the high frequency semi-cirele, was
assumed to he due to the charge transfer controlled reaction at the areas covered
by the adherent corrosion product (‘passivated'), and the second, to the low

frequerncy tail, the diffusion controlled reaction at the other areas of the surface.
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TABLE 1.11-Characteristics of mest common ioclusions in the steels wsed

Average
Stesl . number of Mosat commom types Shape
inglusionsfem?
= o — |
mainly MnS leny
M3 (2020:380) Al,0, round
]
]
Alﬂﬂamns rﬂ]lnd
LASI {1500+140) MnS/Ti0, lens
; Aly04/Ti0,/MnS round
581Gy round
LASTI (1440+1000 Al, Dy round
Alg04/MnS ‘ens
mainly Mn3 elongated
A-36 {B0402560) Aly0q /5i0,/Mn0 round
mainly 5i0, round
USI {3020+1600) Aly(y/MnS{Cuy 0 round
TiO, round

Cnly techniques whichi cause slightly perturbation of the system from the

equilibrium conditions have so far been presented. The hehaviour of the steels

when far removed from their corresion pofential, E is also of interest, and to

coOTT *
study the electrochemical characteristics of the various steels used in this work at
high polarization potentials, full polarization measurements were carried out

potentiodynamically.

3.3.6 -¥ull polarization curves

3.3.8.1 - Sodium sulphate solution.

Potenfiodynamic polarization cuives in 0.5M Na,50, solution were obtained

* for the various steels nsed in this thesis and are shown in Figures 3.42 to 8.486.
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All the steels showed an active region followed by an active-passive
transition., The primary passive potentials and the corresponding current

densities for passivity, {,,,, were different for each material.
The values of the critical current density for passivity, {_;, primary passive

potential, E ., and the current density in the passive region, i,,,,, were obtained

from Figures 3.42-3.48, and are given in Table 3.12. The current densify in the

passive region first reached & minimum value immediately after passivation, and

then increased to a new stable value (plateau). The values of i given in Table

pasa’
3.12, are the values obtained from the the plateau region, where it was fairly

stable until the transpassivation region, or oxygen evoelution started.

TABLE 312 - Values of igog, Epggg, and ipg g from polarization curves,

Slﬂﬂl icg;d mEeasl ig‘_gd ipu“ IMERIL l.pm
{x10-2Afem?) | (x10-2A/em2} Epass (x1654%m®) | Ix105Aem?)
8.0 250 6.3
MS 1.8 (7.6£0.5) 150 6.0 (6.110.2)
7.0 150 6.0
10.0 410 7.0
LASI 10.0 {10.7+1.2) 350 6.9 {7.7+1.2)
12.0 200 5.1
17.0 850 15.0
LASTI 17.0 {(17.8+0.6) 860 3.1 (11,046.9)
18.0 800 150
9.5 300 9.3
A-38 80 i (8.5x0.8) 300 5.8 {7.4%1.8)
9.0 150 7.0
12,0 550 13.0
usl 13.0 {12.7£0.9) 590 16.0 {15.042.0)
13.0 400 17.0

It is easily noticed from polarization curves data, that the two mild steel
types passivated at lower polarization potentials, and for lower applied current

densities, than all the low-alloy steel types. This is indicated by the values of E

pass
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and {_.4. In fact passivity for all the low-alloy steel types was only achieved at very

high potentials and current densifies. The high mean values of [ ;, Table 3.12

suppc;x;t this observation, Thus it seems that the addition of alloying elements to
the low-alloy steels shifted the active/passive iransition potential towards the

positive direction. An attempt was made to try to correlate the composition of the

varipus steels used with the ease of passivation. This was done by plotting i,

versus the content of various elements in the alloy. The alloying elements
considered were Cu, Cr, Si, P, Mn and C. However no standard relationship was
found between these clements and the ease of reaching passivity, Thus no definite
conclusion can be drawn about the effect of composition of steels studied on their
passivity characteristics. An enormous number of alioys, in which each ailoying
element cortent is sysitematically varied whilst keeping the other alloying
components would be required to study this effect further. This however was not
the aim of the present study.

The passivity current density, ..., showed a direct relationship with the

content of copper in the steel, Fipure 3.47.

200

y=5T045 4+ 347.03x RM2 =0982

*':% = pass(l)
-z o jfpass(d)
-, - PR
3 100 ipass(3d
|
-
[ 3
. | ) ;
T T T 1 v LIS o L
0.0 0.1 . 0.2 0.3 0.4
Cu {5h)

Fipure 3,47 - ipass ve Cu content of steals used.
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It is possible that copper, even though present in small quantities, might be
incorparated in the passivating fim. [f this cecurred sn increase in the electronic
conductivity of the passivating film would be expected. As a result the current
density in the "passive atate” would alge increase. It should be noted that the
passive region obtained showed relatively high currents involved, 60 pA/em® to
150 :.LMcmE. The appearance of the passive region ia believed to be dw:ae to the
precipitation of a salt layer on the surface. This is hrought about by the saturation
of the solution next to the metal surface with Fe** iens, which with the sulphate
species combire to form a passive layer consisting mainly of irer sulphate. Once
the precipitation of sulphate has occurred, the concentration of Fe®* at the surface
decreases, and the digsclution of iron starts again.

A dissimilar behaviour is clearly seen between mild steel type.s and low-
alloy steel types at high anodic potentials, The difference, however, chuld not be
easily attributed to a particular alioying element, or to a combination of them. If
the inclustons type is considered, Table 3.11, a correlation seems to exist between
the presence of certain inclusion types and the passivity characteristics of the
steel. In the case of the mild steel types, the inclusions anaiysed by Scanning
Electron Microsecopy consisted mainly of MnS. Very few oxide type iInclusions
were detected for both mild steels used. On the other hand, MnS was not found
alene in the low-alloy steel types. In the few eases when Mns was detected, it was
always asscciated with oxide types, such as a duplex or even triplex type
inciusion. It is probable that the predominance of oxide or duplex type inelusions
in the low-alloy steel types resulted in the high passivation potential found for
those steels,

It has been shown from experience that in normal earbon sneelg containing
active sulphides, pits are nucleated by a microgalvanic effect, but they cease
growing after a depth of 100 pm-200 pm is reached'*??, Sulphide inclusions are
easiiy dissolved in acid solutions®®. The solution inside an Initiating pit is

acidified by the hydrolysis of Fe® and Fe™ ions generated by dissalution reactions.
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Thus, conditions for dissolution of MnS type inclusions would exist, and once
these have been dissolved, the matrix which has the same susceptibility to
corrosion as the rest of the steel in the surface is then exposed, and the conditions
for the confinuation of the pit have ceased.

Even though the whole surface of the exposed specimen is disanlﬁng very
rapidly at the high anedic polarization potentials applied, it is believed. that the
dissolution of oxides is much more difficult. Accumulation of oxide inelusions
would then result from anodic dissolution since they are nobler than the iren
matrix. Consequently the rapid attack of the metal surronnding the oxide or
duplex type inclusions would be accelerated even further. The conditions for ar
intense localized corrosion would exist and subsist for longer periods than for
sulphide inclusions type. .

The dissolution of the matrix surrounding the oxide inelusinns,
occasionally would alse lead to their detachment and the exposure of the matrix,
The areas surrounding small oxide inclusions can thus cause inténse localized
attack since they provide difficult access to the external solution, and subsegnent
passivation. This can explain the relatively high passivation potential for the
LAS II steel, which presented the fewest inclusions eontent detectable hy Optical
Microseopy.

Situations have been reported in the literature where only duplex
inclusions sulphide-oxide gave rise to intense localized attack. The single phase
sulphide only dissolved to a certain extent but did not affect the matrix™%®. In the
same work, an attack which produced a grid-like appearance was mentioned,
and this was connected with slag inelusions in the pit bottom. That type of attack
only ocenrred when the steel was polarized. Under freely correding conditions,

the duration of attack before the termination was too small te develop gride.
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3.3.6.2 - Sodium chioride solution,

Full polarizatiorn: tests were also carried out for four of the steels studied,
in the sodium chloride solution, and their respective curves are shown in

Fipare 3.48.

=500

Patential (mV v5 SCE)
[

-1000

-1500
17 19% 1070 w* 1wt w? 0!

Current density ( Aem?)
Fipure 3.48 - Polanzation curves of steels used 1n 3.5% wt Na(l

In sulphate, passivation is achieved by the formation of & eali-type film at ar
near the electrode and this invoives the dissolution of very large amounts of iron.
Substantial changes in the solution chemistry near the electrode are required
befere passivation can be achieved. The passivation relies on supersaturating the
solution near the electrode with Fe®* ions. Since chlorides have high solability
products, the deposition of a salt-type Hlm a‘ the surface does not oecur, and
consequerntly 'passivity' is hot attained. It is easily seen in Figure 3.438 .that the
characteristic shape of the active-passive transgition curve disappeared entirely.

In order to identify the characteristics of the polarization curves at
potentials closer to E .., the two steel types obtained from the same manufacturer
were compared in Migures 3.49 and 3.50. A smaller range of polarization potential
was used for this purpose. It can be noted from these Figures that the poiarization

curves of the lew-alloy steel, LAS II, was slightly shifted ta a nobler direction.
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Also the anodie current density corresponding to this latter steel wae usually
plightly gmaller than for the mild steel, MS, Figure 3.49. No such differences were
hml;e;ver chserved between A-36 and USL The larger content of inhomogeneities at
the surface of the mild steels rejatively to low-alloy sleels produced by the same
manufacturer could have heen one of the causes for the small difference found ir
the ancdic currents, The presence of inhomogeneities at the interface of sleels

usually affect their localized corrosion characteristics.
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Figure 3.49 - Polarization curve of steels MS and LAS IT in 3.5% wt NaCl.
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Figure 8.50 - Polarization curves of steels A-35 and USL in 3.5% wt NaCl.
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3.3.63 - Cathodic polarization curves

Specimens of four of the steels studied, M3, LAS II, A-36 and USI, were
immersed for 1 day in aerated 3.5% wt NaCl and 0.5 M Na,80, seclutions. The

steels were then cathodically polarized. Their responses in 3.56% wt NaCl and
0.5M Na,50, are shown in Figures 3.51 and 3.52, respectively. The cerrosion
product observed on the steels at the time of test wag not raduced before cathodic
polarization, since most of experiments presented in the previous sections of this

chapter were conducted at this same condition, after 1 day expospre.

Patential {mV vs SCE)

1000 |

PR R T e N

1100

10°% !, 1973
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Figure 3.51 - Cathaedic polarization curves for stesls in 3.6% wt NaCl.
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Figure 3.52 - Cathodie pelarizatien curves for steels in 0.5M NagyS0,,
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Tt is noted from Figures 3.51 and 3.52 that the shape of the cathodic
pelarization curves of steels obtained from the same manuvfacturer were much
the same, indicating similar mechanisms for the cathodie reaction. At potentials
close to E_,.., & region is seen for the steels Mb and LAS II where the current
density is practically constant with an increase in potential. This means that for
these steels a diffusion plateau is observed at potentials near te the corresion
potential. A more uniform layer of cerrcsion product through which oxygen
would have to diffuse to the reaction site, could be one of the probable eauses for

this response. The cathodic current densities of the steels A-36 and UUSI next to
E

orrr Were however dependent upon the applied potentials. This could indicate 2

mixed controlied {(diffusion+charge transfer) cathodie reaction for these steels for
low polarization petentials., Since these two steels had a larger number of
inhomogeneities of larger sizes, than the two other steels, MS and LAS II, it is
also probable that the oxide layer on the surface, not completely reduced at that
range of polarized potentialg, was also lese uniform. Congequently ag oxygen has
an easier aceess at some areas of the surface a charge transfar process could be
operative. On the other hand, at areas covered by compact ¢xide produets, oxygen
reduction is the rate cuntfulling reaction.  The lesser homegeneity of the steels
A-36 and USI was c¢learly demonstrated when these steels were polished. The
polished surface of the steels, MS and LAS II, was much brighter than the
corresponding polished surface of the other two steels, A-26 and USL

The values of cathodic current density for the various steels used varied
significantly. The steel LAS II produced the lowest current densities compared to
the other steels, in the whole range of polarization. It is probable that its surface
is relatively not very active for the oxygen redaction reaction and i:he rate of
cathodic reduction ig low. This could be due te the more homegeneous surface of
this steel when compared to the other steels used. Thus the oxygen reduction

reaction is not specifically favoured in any particular region of the surface . It is
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aiso observed from Figures 3.52 and 3.53 that the mild steel types, MS and A-36,
showed wvery close values of cathadic current densities for potentials of
approximately -850 and -900 mV vg SCE, in the sulphate and the chicride
solutions respectively. The common inclusions of these two latter steels were of a
suiphide type. These are cathodic relative to the matrix and electrieally
conduetive, therefore some cathadic reaction can eccur on them™®, The highest
values of cathodie current densities were produced by the steel USI. This stecl is
also the richest in copper. Although LAS Ii algo contains copper (0.28%), the
room temperature colubility of copper in ferrite ie approximately 0.3%' %9, 1t is
then suggested that copper in LAS II is in solid solution, whereas in the USI
steel, 0.32% copper, copper could be found as precipitated particles in some areas
of the surface. In fact Cu was only detected in the inclusions of the USI steel.

The oxide at the interface is the medium threugh which electrons are
supplied for the oxygen reduction reaction™®”, Therefore the nature of the oxide is
very important to the cathodie exygen reductin reaction.

Small amounts of copper present in the iren oxide, could result in a

sitnation where copper particles could serve as electron donator, according to:
Cu < G + 2¢ (3.5)

and the net effect would be the increase in the electron conductivity of the iron
oxide. The elcetrons produced in (3.5) are available for consumption by the oxygen
reductien reaction.

Tre Tafel slopes estimated from Figures 3.51 and 3.52, are shown in Table

3.14. These were of the order of 600 and 1106 mV/decade, for MS and LAS II,

respectively. The large values of b, for these two sieels could alse suggest that

their cathodic reaction is under diffusior contral. Lower b, values were obtained

for the two other steels.
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TABLE 3,14 - Cathodie Tafel slopes estimated from Figures 355 and 352,

b, (35%NaCD | b, (05MNayS0»
Steel
_(mVidecade) {mV/decade)
MS 570 540
LAS I 1% 1100
A-36 350 300
, Us! 4 0 )

3.3.7 - Cathodic reduction curves.

The use of electrochermical reduction methods for the charvacterization of
corrosior. product films, has been used by Cohen'' "™ and Mayne ™ with thin
oxide films, and by Okada''™™ with thick rust layers formed on steel after long

exposure {3 to & years), to industrial atmospheres. The most impurtaﬁt COrTasive

constituent of industrial atmospheres, has been generally accepted to he SDE{”E'}.

Kesternich'!™™ deseribed an apparatus combining exposure to SO, with

continnous moistening of the surfice of the specimen, and was able to prove that
the same type of corrosion product formed on actual weathering was obtained in
his tests. Several works after t:henum'lga} demenstrated that the effect of 50, in the
presence of condensed moisture in an aceelerated laboratory test, provides one of
the most reliable prediction of the corresion behaviour in an industrial
atmosphere.

All the experimentis presented previously in this thesis, were designed to
study the electrochemical properties of steels under iramersed conditions. The
exposure of steels to the vapour phase of 10° M NaHSQ,, and subsequent cathedie
reduection of corrosion products formed, however, was a lahoratory accelerated
test devised to prediet atmospheric corrosion behaviour of bare steels in an
industrial atmosphere. It was necessary to select exposure times long enough for

‘the accumulation ¢f corrosion products in significant quantities, so that the
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various steels studied could be distinguished. Preliminary tests led to expc;sure
times corresponding to 20 days as an acceptable time for this purpose.

The cathodic reduction eurves, obtained at 1 mA/em?, Figures 3.53-3.56,
were continued until the hydrogen evelution potential was al:i:ainlralt:l‘II and the
length of time required to reach the hydrogen evolution potential was registered

as the oxide reduction time, t, 4. Approximate values of , ., were estimated

from Figures 3.53-3.56 and are given in Table 3.15.

TABLE 3.15 - {kide reduction times of corrosion products
formed on steels exposed to vapour of 103 M NaHS0,,,

Kios] tw.md.
{seconds)
TN
LAST | 5 g
A-36 ) s00*
m | g |

* value obtained by extrapolation of tha curve for times > duration of test.

Fotential [ m¥ w5 SCE )

R . AP RV S PR |1.“.|

i Wwod o 2000 W00 4000 S000  S000
Time (sec)

Figure 3.53 - Cathodic reduction curves of M corcoded specimens,
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Figure 3.54 - Cathodic reduction curves of LAS IT corroded specimens.
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Figure 3.55 - Cathodic reduction curves of A-36 corroded specimens.
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Figura 3.56- Cathodic reduction curves of USI corroded specimens,
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Figure 3.57 - Morphologies of corrosion products formed on (a) MBS, (b) LAS, () A-36, and (d) UJSI
steels specimens, afler exposure to vapour of ID_SM NaI—IEC}a for 20 days.
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3.4 - Summary

in this chapter resulte concerning the electrochemical behaviour of the
bare stecls, namely mild steel and low-alloy steel types, have beon presented.

At the corresion potentizl or under low polarized conditions, the steels
studied were indistinpuishable by type., However, some minor differences were
found between steels produced by two-diﬁ'erent manufacturers. These differences
were mainly detected by linear polarization resistance and eleetrochemieal
impedance techniques. The differences were probably caused by microstructure
factors, both content and mize of 'active' inelusions at the surface. Also, the
relatively larger content of C and Mn in the steels with larger inclusions content
{A-36 and USBL), could also be further cause for the slightly reduced corresion
properties of these steels.

Comparable results were obtained from Tafel extrapolation measurements
for all the steels. Since only amall differences among the steels are noted, these
differences could be attributed to experimenta: errors invelved in the
measurement, Al conditions far removed from the corrosion potential, the steels
were differentiated by fype. The low-alloy steel types only "passivated” in sodium

t

sulp}{ate solutions at much higher polarization potentials, and at much largér

eritieal enrrent dens'ities, i.q than the mild steel types. Thus, the alloying

elements ghifted the active/passive transition towards the positive direction: . The
presence of inhomogeneitice on the surface, nobler than the ferrite matrix, and
which are not eagily digsoived, are the probable reascen for the high loecalized
corrosion found for the low-alloy steels at the very high polarization potentials
applied. The tommon inclusion iypes on the low-glloys steels used were mainly
oxides or dupiex sulphide-oxide inclusions. Sulphide jncinsions were the main
type of inclusion found in the miid stee) types. These dissolve easier than oxide
inclusion types, exposing the matrix and allowing 'passivity’ to be attained. The

current density at the ‘passive’ region, i .., was observed to increase with the Cu
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content of the steel. Cu is probably enriched at the surface during dissolution of
the ferrite matrix inereasing the electric conduciivity of the 'passive’ layer, and
therefore £,

In this study, cathodic reduction of the corrosien producte was alse
undertaken. The lew-alloy steels produced less voluminous and more campact
corrosion preducts than mild steels under exposure o the vapour phase of 10°%M
NaHS0,. Corrosive species diffuse easier through the porous layer formed on the
mild steel types, corrogion is not hindered, and conseguently largest amounts of
corrosion products are built up on these steels when compared to the low-alloy
steels, This agrees with the work reported in the literature which states that low-

alloy steels, weathering types, present better corrosion properties under

atmospheric exposure than mild steels.
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CHAPTER 4

THE CORROSION BEHAVIOUR OF COATED STEELS UNDER
IMMERSION CONDITIONS

4.1 - Introduction

Some coating systems have been observed to perform hetter on low-zlloy
steels as compared to low carbon steels®". Thig suggests that miner changes in
the composition of the steel surface could have an important effect on the
- protective properties of organic coatings when» exposed to aggressive
environments. This observation seems to be particularly true for atmespheric
exposure of coated steels, since adherent and protective corrosion products which
hinder further corrosien are formed on the defective areas of ‘the coating,
Nevertheless, for coated steels under immersion conditions, little is known about
the effect of the small addition of alloying elements on the corrosion behaviour of
the steels, Previous work carried out at UMISTV suggested that differences
are found between two types of sieels, mild steel znd low-alloy steel type, when
coated and fully immersed in chloride solution. Since it was not the aim of that
work to study the effect of the steel composition on the corresion properties of the
coated system, a therough study was not undertaken, On the other hand, the
main purpose of the present weork is o investigate the relationship, "if any”,
between steel composition and the corresion behaviour of the steel when coated
and immersed in sodium chloride selution,

The corrosion characteristics of four steels, two mild steel and two low-
alioy steel types, were tested electrochemically in a solution containing 3.5% wt

NaCl and at ambient conditions. The intent of electrochemical testing the coated
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substrate was to evaluate if the substrate-coating system is affected by the nature

of the substrate.

4.2 - Experimental

4.2.1 - Specimen preparation

Specimens of four of the steels studied, MS, LAS II, A-36, and USI, Table
3.1, were used in these tests, The steels were cut, and the surface was prepared
by grinding with silicon carbide grit paper (up to grade 1200). The specimens
were then degreased with trichloroethylene in an ultrasonic bath, hot air dried,
and immediately stored in a desiccator over silica gel for at least three days
before the coating was applied. The purpose of the surface preparation was to
‘remove contaminants and aid adhesion, as well as to provide a_ﬁﬂnsistent
surface finish for all the substrates.

A long oil alkyd provided by Marcel Guest - Manchester was applied hy
flood spinning. The coated specimens were left overnight in a desiccator, before
finally being cured in an oven at 40°C for four hours. The cunng process occurs
oxidatively. The dry thickness of the coating was measured using a digifal
Elcometer Minitector thickness gauge, and was found to be in the range of 20 to
30 pm. Table 4.1 presents the thicknesses of the coatings for each electrode used,
The resulting coating was trangparent making the observation of corrosion,
blistering or delamination processes easier.

An electrical connecting wire was attached to the specimen, and the wire
was encapsulated in a plastic tube fixed to the specimen with epoxy resin. The
edges were blanked off using a colephony rasin/beeswax mixture in the
proportion 3:1. An area of 10 ¢cm” was exposed to the test environment,’

The atkyd coated specimens were subsequently fully immersed in asrated
3.5% wt sodium chlioride solution and, in most cases, ailowed to remain until the
gcomplete breakdown of the paint. During the :mmersion peried the corrosion

behaviour of the tested specimens was mcnitored by measuring the
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electrochemical corrosion potential and the electrochemical impedance
characteristics of the coated systems, Concurrently, visual observations of the

steels surfaces wers a2lsp made,
4.2.2 - Experimenta! procedure

The open circuit corrosion potential of the specimens was measured by
means of a high input impedance volimeter (approximately 102 <), 'Keithley
electrometer Model 610C', It was measured for a time duration of approximately
15 minutes prior to each electrechemical impedance measurement. The use of a
high input impedance voltmeter was necessary in order to avoid polarization of
the specimen, so that the current passing between-the weorking and reference
electrode is insignificant (1071%- 10°254)18%),

The electrochemical impedance measurements were perfﬂrﬁ:led uging a
‘Solartron 1250 Frequency Response Analyser’, inn the frequency range of 65 kHz
to 20 mHz, with 7 readings per decade, and a "Thompson Mimstat' Potentiostat
used as an electrochemical interface. '

The measvrements were carried cut under potentiostatic control at the
open circuit potential as a function of the exposure time. The ampltude of the
cxciting voltage applied varied aceording to the resistance of the coating film, For
coatings with resistances > lxlﬂrfﬂ.cmﬂ, the amplitude applied was 50 mV, and
for lower resistance coatings the amplitude used corresponded to 20 mV.

‘148) stated that far relatively high resistance coatings, a comparatively

Burstein
high amplitude of the perturbing voltage can be applied to measure the
impedance of coatings without causing significant changes to the system.

The experimental cell consisted mainly of a working electrode; a saturated
calomel reference electrode, and @ large graphite auxiliary electrode (surface
area of approximately 158 em®™). The graphite auxiliary electrode was built with a

large area in order to avcid polarization of the specimen under analysis, For

coatings showing a very high impedsnce (blxlﬂTQ.umE}, a two electrode
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confiruration consisting of the specimen working electrode and a graphite
awxiliary electrode (surface area ~ 158 cm®) was employved. In this configuration
the potentiostat was used as a ZRA (zero resistance ammeter). The
reproducibility of the data was established hy using 5 specimens of each

substraie,

TABLE 4.1 - Coating thiclmesses of specitnens tested int immersion in 3.5% wt NaCl,

" Coating thickness (um)

 Specimen MS L.AS 1T A-36 USL |

1 {265+0.7) 1(26.0+0.2) 1(242+0.4) |(23.6+0.3)

2 (23.0+04) {26+ 04) ;{246 0.3) |(26.5+0.2)

3 (26.7£0.3) }(26.7%0.4) 1(23.6+0.5) |(26.,56+0.3} ;

4 (23.7£04) 1(30,5£02) |{(244%033) {25904}

5 {24.6+0.2) }{28.1+0.5) j(24.2+04) | (263+0.4)

4.2.3 - Coatimg

The coating used in this research was a commercial long oil alkyd resin,
sopplied by Marcel Guest - Manchester. The main purpose for using this coating

was to provide a barrier between the substrate and the test environment.
4.2.3.1 - Alkyd resins

Alkyd resins are polymeric esters prepared by the reaction of polyhydric
aleohols with the mixtures of 2 polyhasic acid and a fatly acid. The name 'alkyd’
| comes from combining 'al’ of aleohol with the 'eid' of acid. Many of the alkyds
used today empley phthalic anhydride as the main polybasic acid constituent,
polvaieohols such as glycerin and pentaerythritol, and oxidizing or non-oxidizing

.f‘att}r acids derived from vegetable and animal sources. Variation of the aleohol,
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4.2.3.2 - Chemistry of alkkyd resins

The reaction basic to all polyester resins, including alkyds, is a
condensation reaction of carboxyl groups with hydroxyl groups, resulting i the
formation of water and ester. This reaction follews the elementary equation for

aesterifi [:atiﬂn{wm:

O O

o e )
RC + R'OH-=%<—> RC + Hzﬂ {4.2)
~OH N OR

(Acid)  {Aleohol) (Ester} (Water)

Since the reaction above is reversible, its cnmflletinn requires_remt}val of
the water. The first product of the reaction is a monomer, Resin formation
depends on the reactive sites (hydroxyls and carboxyls) of the monomers, which
react with each other to ferm the very large molecules {polymers), which are
called resins, The esters that serve as the building blocks for a]kyd resins afe
much more complex than indicated by the equation shove. The acids, typified by
phthalie anhydride, contain two carboxylic acid groups. This gives them a
reactive capacity or a potential functionality of two. Glycerin, the alechel most
used, contains three hydrexyl groups and, accordingly, has a functionality of
three. The modifying fatty acids contain only one carhoxyl group and thus a
functionality of one. Multip_l}ring the functionality of a monomer by the number of
moles used gives the total functionality of that material. The total functionality of
the acid components divided by the total functionality of the alcohof components
is called the functionality ratio.

Omne of the important parameters of a polymer iz the kind of chemical
linkages in its structure. This feature is important because the various types of

linkages differ in strength, resistance to breakdown by exposure o weathering,
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water and chemicals. Alkyd resing are bound together hy ester linkages, which
are relatively wealt.

Another basic parameter of a polymer is its molecular weight. It i1s
renerally accepied that high molecular weight favours most performance
properties but reduces selubility and raases the viscosity of solutions. Fractions of
low molecular weight are softer, Alkyds are low in molecular weight relative to
the families of polymers, Most alkyds probably have average weights of 1,000 to
7,000, with leng alkyds at the low end and short alkyds at the legh end (287,

4.2.3.3 - Ciassification of Alkyds

The most common way of classifying alkyds is a.}ct:nrding to the oil length,
which means the percentage of vil in the alkyd, based on the total non volatile
components. They are designated as short, medium, long and very long il
alkyds. Alkyds that contain only the types of ingredients so far discussed are
known as "pure" alkyds. In these alkyds oil length influences all properties and
i3 the main factor that determines solubility, viscosity, flexibilily and hardness.
Long cil alkyds contain over 60% oil, medium oil between 40 and 60%, and short
oil below 40%. Long oil alkyds are generaily made with drying oils and are
soluble in aliphatic s¢lvents. They are low viscosity resins that air-dry slowly to
give soft flexible films with poorer gloss refention and durability, Shorter oil
length penerally results in the need for aromatic solvent, giving higher viscosity
resins at lower solids. Medium and short oil alkyds give hard films with good
gloss retention and chemical resistance; they are less flexible than long oil

alkyds and are normally dried by stuving{mm.

4.2.3.4 - Use in pretective coatings

Alkyd coatings have been successfully used on structural steels, tanks,

bridges and the like. The protective properties include excellent resistance to
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sunlight, wind, rain and mild acdic industrial envirenments, They also present
excellent toughness, flexibility, and eoclour retention, but are not recommended
| for exposure to oxidizing agents and organic acids. They are in great demaﬁd
hecaude of their low cost, ease of application, and their excellent storage ability
and versatility{lﬂm. However, they cannot be used in alkaline environments,
because the oil content is readily attacked by alkalis.
As a proup, alkyds are excellent for resistance to normal atmospheric
corrosive attack, have fair resistance to mild fumes of inorganic acids, and fair to

good rasistance to splash, spillage and fog from salt sclution.

4.3 - Results and Discussion

Impedance tests were performed over extended time periods of around 500
days. In order to check if the impedance data reflected the corrosion behaviour of

coated steels, the extent of corresion was assessed visually. The corrosion

potential, E was also monilored during these prolonged tests and the resulis

corr!
of the various substrates are presented next. All the corrosion potentials were
measured in relation to a saturated calomel reference electrode (3CE), and thus

reference to this is guing‘.tﬂ be omitted inthe next .paragraphs.

4.3.1 - Substrate A-36

The corresion potential, E ., and the interface features of the various
immmersed specimens were monitored during the long term tests, and are shown
in Figures 4.2, 4.7, 4.10, 4,14 and 4,17 for the various coated A-36 substrates.
Schematic impedance diagrams of these specimens at propressive times are also
shown in these Figures, The reason for drawing schematic impedance diagrams
together with the corrosion potential vs time curves, was to try to establish a
c;lrrelatinn between the corrosion potential of the specimens and their impedance

- regponses.
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Figura 4.2 - Corresion potential vs time and schematic Nyquist plots for specimen A-36 (1),

It can be observed from above Figure that E . was initially around

-400 mV which then drepped fo approximately -500 mV after five days
immersion, In the following days the corrosion potential rose to nobler values
(approximately +20 mV) , and then remained relatively stable until 250 days of
immersion. The potential then exhibited a sharp fall to values of around -630 mV
(251 days). This particular specimen was removed from spiution and stored in a
desiccator over silica gel far ten days, being re-immersed again afterwards. A
shift to nobler potentials was ohserved upon re-immersion of the specimen, and
alse the coafting resistance was found te have increased. This was caused by the
drying out of the specimen, It 1s possible that after the drying cut of this
specimen re-adhesion cccurred, as it is general the case when water causes loss
of coating” adhesion’ M This is common in some systems, particularly for alkyd
paints cn steel. Between 300 and 400 days the corrosion poteniial did not change
much, but after 420 days immersion a final drop te values of approximately -670
mV was observed. In addition, the coating resistance only decreased again after
420 days immersion. The specimen was then removed from solution since it was

considered that the paint system had finally broken down.
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From the electrechemical impedance measurements it was seen. that
betweaen 20 and 30 days a high frequency semi.circle was obtained in the N ygu.ist
diagram. The diameter of the high frequency semi-circle was estimated to he in
the region of 200 Mﬂ.cmz, indicating a highly protective character of the coating,
For times longer than 30 days the high frequency arc bent towards the Imaginary
axis, indicating an increase in the protective characteristics of the coaling. This
might have been due to the formation of deposits by the anodic process, which
subseguently blocked the corroding spot hindering the access of corrosive ﬂ.pecies
to the underlying metal.

The highly protective characteristics of this coating were maintained until
220 days of immersion, For most of that time an almost capacitive behaviour was
- obtained. The arc which was almest parallel to the 2" axis subsequently bent
towards the real axis, after 250 days exposure, The coating resistance after thig
period of immersion was small encugh to allow corrosion processes underneath

the coating to be detected. Three time constants were easily separated at 250 days

immersion, immediately before the drop in E_ _has cccurred. A day later only

two were obtained, Figure 4.3. The estimated value of RP{- immediately after re-

immersion, was slightly larger than the costing resistance corresponding to the
time of remgval. Also the corrosion poiential was noticed to have shifted to nobler
values. After 330 days immersion, Figure 4.4(a), a flatiened semi-circle was
obtained, whese intercept with the real axis decreased with time until 400 days,
Figure 4.4(h). Depressed semi-circles are possibly the consequence of many
corroding areas on the subsl:rat&:, resulting in the interaction of various time
constants, At 420 days immersion the coating resistance, Rpf, had dropped to
very small values (approximately 96 ﬁ.cmE}, and a diffusion tail was.seen in the
intermediate and low fregquency range, Figure 4.4{c). The test was then

terminated sinee the coating did not protect the substrate any longer.
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Figure 4.3 - Impedance response (a) Nyquist and (b) Bode plots for specimen A-36(1) after 250 and
251 days immersion, .

The visual observation of the corrosion characteristics of the interface
showed that since the first days of immersion small .blar:k and brown corrosion
spots ocourred and these are probably associated with the microstructure
features of the specimen. The distributien of corrosion products seem to
correspond to inclusions which havae been elongated along the rolling direction
during the fabrication process. It is worthwhile mentioning that the inclusions
and their distribution along the rolling direction were easily observed on this type
of steel, A-36, prior to immersion in the test solution. i

A disbonded area surrcunding one of the small black spots was found from
the first days of immersion. The corrosion spot and dishonded area both grew
with immarsion time and another two black spots were noticed after 30 days
testing, Figure 4.5(a). At that time, a large volume of liquid had accumulated at
some areas of the interface, and new corresion spots were starting, which
became black 20 days later, Figure 4.5(b), The coating resistance was, however,
too high to allow the detection of the corrosion processes at the surface. No new

corrosion features appeared until 250 days, when yellowish and brownigsh areas

were observed on the surface.
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Figure 4,4 - Nyquist and Bede plots of specimen A-38(1) after {a) 300 and 330 days,
' {b) 350 and 400 days, and {¢) 420 days exposure to 2.5% wt NaCl,
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A change in the capacitance of the coating to higher values was also In-:::-ted,
Tigure 4.8, The increase in capacitance was possibly caused by accumulation of
electrolyie at the interface and in the coating. One day later when the pntenltial
had dropped to very negative values, this specimmen was removed from sﬂlutioﬁ.
It was then allowed to dry out and as a result coating properties seemed to have
bean enhanced, The drying out of the specimen proved fo have an effect on the
coating anti-corresion resistance, delaying the failure time which only securred
after 420 days immersion. A final and sharp increase in capacitance, to v-alues

corresponding to charge transfer processes, confirmed the failure of the coating.
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Figure 4.5 - Specimen A-36(1) after (n) 30 days, and (k) 50 days immersicn
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Figare 4.6 - Evolution of the coating capacitance with time for specimen A-36(1)

4,3.1.2 - Specimen A-36(2)

~100 o — = I
' Py AZ6 (2
00 kl"ﬂ-,-.: g, S ‘:md:_wm @
-2 — . A 1. = .
E‘ 5 e fser 50 day) *, e
] (] L]
A S00Lh [D““"",_." N e
2 obi fw T i
- . ,r; 2 ) s ms
B i r
— 2S00 l‘. v
- - N - . F}
.E 600 7587 1E8 ‘l'. 1 e}
g ‘ [:0chpm) ‘B
700 - 451
B0 L " 5 PR W I SN SR P
a 140 200

. Time (days)
Figure 4.7 - Corrosion potential vs time end schematic Nyquist plots for specimen A-36{2),

Fer specimen A-36{2), the corrosion potential initially moved in the positive
direction, reaching values of around -230 mV after 5 days unmersion. The
mevement of potential into the positive direction could have been caused by the
arrival of water at the interface at low contents and aiding passivaticn™'%. In the

follawing days, the corrosion potential dropped te values of around -550 mV (10
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days exposure), At that time, small corrosion spots were already visible on the
surface, Water might have been allowed to accumulate on certain areas of the
interface dissolving the oxide and allowing corrosion to start. Next, the puteﬁﬁal
shifted to more positive values, but this time it was possibly due {0 an increase in
the ratio of cathodic ¢ anedic area, Between 25 and 100 days imunersion the
corrosion potential was relatively stable. Slight oscillations occurred in the
range of -130 to -230 mV. A final drop started at 100 days as the majority of the
surface became active, and 50 days later the test was terminated since the
ceating had lost its protective characteristics.

The visunal observation of this specimen showed that sinee the inditial days
of immersion a black spot and several browmsh spots were present. These were
- also associated with microstructure characteristics of the surface, Therefore, the
decrease in corrosion potential after approximately 7 days might have been
caused by the initiation of corrosion at the substrate interface. The black spoi
increased in size in the following days, and also larpe volumes of liquid were
aillowed to accumulate on a specific area of the interface. These corresion
features were easily noted after 30 days immersion, and on that same area
vellow, brown and black torrosion products were found after 50 days immersion,
Figure 4.8 {a} and {b). The disbonded area corresponded then to a large
proportion of the exposed surface. The fluctuations in corrosion potential
observed after 5 days were possibly caused by chanpes in the ratio of anodic to
cathodic areas.

The impedance response of this specimen during the earlier immersion
days, (nearly 5 days), produced an arc almost parallel to the Z" axis, due to the
highly protective characteristics of the coating. Later this are was found to bend
towards the real axis, and at 20 days immersion a high frequency sermi-circle
was delineated. This indicates that some deterioration of the coating was taking
place. At longer immersion timas until 60 days of exposure, the main trend was

for the diameter of the high frequency semi-circle to decrease. Between 25 and 50
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days immersion, az low frequency response became evident prnbab]yl
characteristic of the corrosion process. This was could be a consequence of the
presence of rust spots on the specimen surface and their growth. A slight
incfesse in the coating resistance was noticed between 50 and 100 days, and also
the charge transfer controlled corrosion reaction possibly changed to a diffusion
controlled one, Figure 4.9(a). Afterwards, a sharp drop in the value of the coating
resistance was detected, and at 150 days immersion complete failure of coating

had occcurred, Figure 4.9(b) and (c).

ia) {h)

Figure 4.B - Specimen A-36(2) after (&) 30 days, and (b) 50 days exposurs
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4.3.1.3 - Specimen A-36(3)
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Figure 4.10 - Corrosion puatential v time and schematic Nyquist plots of spectmen A-36(3).

For specimen A-36(3), the corrosion potential adopted positive values
{approximate:y +3150 mV) at the beginning of the immersion periu;i. This then
shifted to even nobler potertials attaining values of around +230 mV at 10 days
immersion. The movement of E__ . into the positive direction might also have
heen the consequence of a passivation process supported by water which arrives
at the interface ir small quantities™™. The kighly protective characteristic of the
coating was demonstrated by an impedance response typical of capacitive
behaviour {ascending arc running almost paralle]l to the imaginary axis) which
indicates that the coating film was not largely defective. This also means that
there was no significant ionic transport through the coating, Very little
degradaticn of the cnéting properties, as shown by the impedance
measurements, was observed for this specimen even after 500 days exposure,
Figure 4.11. The almost capacitive behaviour was produced by this specimen
most of the immersion time The coating on this specimen could be donsidered as
an almost "perfect coating”, and as such the substrate does not have a2 significant
effect on the behaviour of the coated system{m. Jaofortunately, perfect ceatings do

not normally exist in practice.
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From the initial days of immersion and until the end of test, 500 days later,
the surface of this specimen showed the same corrusion characteristics, which
carresponded 1o very small brown spots uniformly distributed all ever the surface
and associated with microstructure features, It must be mentioned that some of
the characteristics of the microstructure of this specimer: was visible to the
naked eyc hefore immersion. This indicates that although corrosion was allowed
to start on some spots of the surface, the high'y protective character of the coating
on this specimen did not allow corrosion tc develop significantly. It may alsc
suggest that once the initial cerrosion spots were covered by corrosion products,
the corrosion process was stified. During the duratien of test, disbonded or
blistered areas were not found cn the surface, The features above are illustrated
in Figure 4.12. The protective character of this coating was also demonstrated by
the stable values of coating capacitance obfained during the whole exposure,
Figure 4.13. After the test was finished, (500 days immersion), the ceating could
not be easily removed from the substrate, and even its disselution by solvents
such as xylene and acetone was found to be difficult. High cross-linking of this
particular coating might have been the cause of its difficult dissclution. The fact
that this coating maintained its hiphly protective character for the whole
exposure period can’ be explained by the probable difficulty for water to
gecurnulate at the interface and form a continuous layer, which would cause
corrasion to spread. The lack of non-honded areas, or the presence of non-bonded
areas of insufficient dimension might also have prevented the formation of a
continuous agqueous phase. Since corrosion started at some small areas,
corrosive species had to arrive at the interface, but once these were censumed in
the corrosion reaction, their replenishment was possibly not quick encugh to
allow the continuation of corrosion. In additien, once the initial corroding areas

were covered by corrosion products, waier and oxygen access to the metal base
.was difficult thus stopping the corrosion process. The likely areas of corrosion

initiation were at the houndary regions between inhomogeneities at the interface,
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e.p. inclugions, and the metallic matrix. However, this was restricted to these

smeall areas, due to the protective characteristics of the coating.
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‘Figure 4.11 - Nyquist and Bode plots of specimen A-36(3) after 470 and 500 days immersion.

Figure 4.12 - Specimen A-16{3) after 50 days immersien.
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Figurs 4,13 - Evalition of coating capacitance of specimen A-36(3) with immersion time.

4.3.1.4 - Specimen A-36(4)
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Tigure 4.14 - Corroston potentia! vs time and schematic Nyquist plots of specimen A-36{4),

For specimen A-38(4), the corrosion potential initially assumed positive
values {(approximately +210 mV), but shifted to more active potenials in the
following days. A value of E_ around -290 mV was obtained after 10 days
immersion. This drop was accompanied by a change in the impedance response
from an almost capacitive one (5 days), to one where a high frequency semi-circle
could be defined (10 daysi Thus, degradation of the coating was occurring since

the first days of exposure. In the following days the potential increased and at 20
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days irmmmersion it was approximately -20 mV. On the Nyguist plot a tail was-seen
at the low frequency region, for immersion times between 10 and 40 days test,
revealing the possible existence of a diffusion controlled corrasion process. The
diffusion tail vanished after 40 days immersior:, and was only identified again z;t
the end of the immersion period. The wvisual observation of this specimen
revealed the presence of a disbonded area after 10 days exposure. Therefore, the
increase in E__ for times longer thar: 8 days exposure could have been caused by
an inecrease in the ratio of cathedic to anodie areas. From 20 to 100 days the
corrosion potential fluetnated between -20 and -200 mV. After 100 days

immersicn, a steady and slow decrease in corrosion petential and coating
resistance was noticed, Figure 4.15(a). A final and relatively sharp dropin E___
and Rpf started at 250 days, Figure 4.15(b), and the protective characteristics of
this coating failed at approximately 400 days test, Figure 4,15(c). -
Characteristics of the microstrueture of this specimen also seemed to have
been asscciated with the brown corrosion spots formed during the first days: of
exposure, On a particular arsa of the surface, veluminous brown and klack
corrosien spots which roge from the surface were zlready noted from the initizal
immersion period. After 10 days immersion, two new black spots and an area
where liquid had accumulated lifting the coating, were observed. The dishonded
area enlarged in the Mllowing days, and also the two black spots continued to
grow. The latter were very voluminous after 250 days. Figure 4.16 (a) and (h)
illustrates the corrosion features described ahove after 30 and 50 days immersion,
respectively. After 250 days immersion and until the end af teat, 400 days,
corrosion took a generalized form over the surface. Generalized corrosion started
initially at the areas where liquid was observed to accumulate. The COrrOSIon
products on those areas had different colour which inecluded blue, yellow,

orange, brown and black, over increasing aress of the surface.
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Figure 4.15 - impedance response of specimen A-36(4} after (a) 100, 150 and 200 days,
{b) 260 and 308 days, and {¢) 390 and 400 dsys immersion.
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4.3.1.5 - Specimen A-36(5)
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Figure 4.17 - Corrosion potential vs time and schematic Nyquist plots of specimen A-36(5).

'The corrosion putéﬁtial of this specimen showed sigmficant changes in the
first 30 days of immersion. Its value initially shifted from noble potentials,
approximately +160 mV to more active values, around -410 mV after 3 days
irmmmersion. Axn increase to more positive values was then observed, and after 8

days immersion values of about +100 mV were cbhtained. In the following days
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the corrosion potentiai dropped again, and E_ . reached values close to -450 mV

after 30 days exposure, The movement of potential might have been caused by
reiative changes in the ratio of anodic to cathodic areas. The impedance response
produced only the initial part of a semm-circle 1n the first days of immersion (5
days}, which then started bending towards the real axis scon afterwards, (10
days). For immersion fimes corresponding to 20 days or longer, the high
frequency semi-circle was delineated, sugpgesting some degradation of the
‘nsulatinp characteristics of the coating was occurring at that time. The
corrosion potential then moved progressively to nobler values, from nearly -450
mV (30 days)} to approxdmately -220 mV (90 days). At the end of that period a final
drop in E,,,, and R ; was noted. Until 80 days immersion, the coating resistance
" was very high, tenths of MQ.cm?, and thus the effects of corrosion processes
underneath the coating could not be detected by impedance measurements. An
exception occurred at 20 days immersion, when the coating resistance had
dropped to values around 7 MSk.em?. At that time, mass transfor éeEmed' to be
controlling the cerrosien process underneath the coating. After the diffusion tail
vanished, the diameter of the high frequency semi-circle increased. This often
occirs when pores or defects in the ceating are blocked by corrpsion products. If
any corrosion process was still active underneath the coating, the high coating

resistance did not permit its defection, and the high frequency semi-circle wounld
account for both, ceating resistance, Rpf, and polarization resistance of the

corrosion reactiﬂn{

163) he charge transfer resistance cannot be seen because of
the large difference between the time constants, 1, corresponding to the coating
and to the cerrosion process. This is a limitation of the impedznce technique
which has been mentioned earlier''*", After 90 days immersion RP; decreased
rapidly, and values of aporoximately 50kQ.cm® (150 days immersicn), and
2k .cm? (200 days immersion), were obtained, Figure 4.18. From 100 days until
the end of the test (200 days), the low frequency data, indicated a diffusion

controlled corrosior reaction at the substrate interface.
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The corrosion features of this specimen durinp the first 5 days of

immersion were similar to the ones observed for the specimens mentioned

previously. The characteristics of the microstructure also seemed to be related to

the smalliand brown corrosion products, Also two close brown and veluminous

corrosion spots were noted on the surface at that time. Liquid was allowed to

accumulate on a small area of the surface which was vigible through the

transparent coating and was causing blistering. The brown corrosion products

gradually changed colour to black, increased in size, and also the disbonded area

became larger, Figure 4.19 (a} and (b), After 60 days immersion the dizhonded

area occupied approximately one third of the total area of this specimen.
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Figure 4.18 - Impedance response of specimen A-36 (5) after (2)150 and (b)200 days immersion.
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{a) {k .
Fipure 4,19 - Specimen A-36 (5) after (a) 20, and (b)-50 days immersian,

4,3.2 - Substrate USI '

The change of E,__. with time for the various coated USI steel samples used

and schematic N:;rquist plots are shown in Figures 4,20, 4,25, 4,29, 4,31 and 4.36,

4,3.2.1 - Specirmen USI{1)
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Figure 4.20 - Corrosion potential vs time and schematic Nyguist plots of specimen TSI {1).

It can be seen from the previous Figure that E___ decreased significantly

in the first 6 days of the test, from around +230mV io nearly -570 mV. In the
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following days and until 30 days immaearsion, it fluctuated between the lattervalue
and approximately -440mV, when a new increase in corrosion pateptial
occurred. The corrosion potential then reached values of approximately +20 mV
(70 days), dropping again to -230mV (80 days). Values of E_ around -160 mV
were obtained at 150 days immersion. From that time and until 300 days of
immersion it showed slight oscillations. Despite all the fluctuations in potential,
the impedance respense of this specimen until 300 days shewed only an
ascending arc almost parallel to the imaginary axiz, At 5 days immersion,
however, a high frequency semi-circle and 2 diffusion tail were distinguished in
the Nyquist plot. The large drop in potential asscciated with the definition of the
high frequency semicircle and a low frequency diffusion tail, is explained by the
initiation of corrosion at the substrate. In the following days the almost
capacifive response was again obfained probably as a result of the bla&age of the
defective corroding areas by corrosion products, hindering the access of corrosive
gpecies to the metal substrate. The corrosion potential drop after 300 days was
associated with the appearance of a flattened high frequency semi-cirele and an
unresolved low frequency semi-circle, which bent towards the real axis {330
days), Figure 4.21(a). The flattened semicircle is nsually associated with the
interaction of various time constants. Actually two {ime constants corresponding
to the high frequency range, were easily separated in the Bode plot after 350 days
immersion, Figure 4,.21(h) and a third time constant was easily seen for longer
times of the tegt Fipure 4.22(a-c). The high frequency semicircle still showed
slight depression at that ¢ime. The coating resistance, Rpt—, at 420 days was
approximately 54 kQ.cmz, and the faradaic processes seemed to be associated
with eitker, a diffusion contrelled {(finite diffusion layer) or 2 mixed controlled
reaction, The low frequency curve increasingly hent towards the real axis from
330 to 420 days, Figure 4.23. The coating resistance, R, was relatively stable
after 400 days immersion, When the test was irterrupted, after 500 days

exposure, it was nearly 50 kO .em?,
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The surface of this specimen was also visually examined with immersion
tire. A black corrosion spot and a small disbonded area around it were observed
during the first days of immersion, explaining the initial drop in E  __ and Rpi"

"The disbonded area enlarged a little in the succeeding days, and after 20 dayé
immersion large volumes of liquid had aceumulated on some areas underneath
the coating, Characteristics of the microstructure of this specimen zeemed also
to be associated with very small and brown corrosicn spots since the early days of
expesure, From 20 to 300 days, no significant changes occurred, and also new
corrosion features did not appear on the surface. The enormous magnitude of the
coating resistance during that period is the probable reason for this. Figure 4.24

{a) and (b} shows the features mentioned above after 30 and 50 days immersion,

Fignrre 4,21 - Impedance responsa of specimen 781 (1) after
{a) 330 days and (b) 390 days immersion.
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Figure 4.24 - Speeimen US]1 (1) after (a) 30 and (b) 50 days immersion.

185



4.3.2.2 - Specimen USI (2)
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Figure 4,25 - Corroston potential vs time and schematie Nyquist plots of specimen USI (2).

For this specimen the initia! potential of approximately -40C mV was found
to increase to more positive values reaching 8 maximum corresponding to values
af around +100 mV after 5 days immersion, This was probabiy the result of a

passivation process aided by water at small concentrations arriving at the

interface™®. In the following days and up to approximately 50 days the E

EorT
showed some fluctuations as a probable comsequence of changes in the ratio

anodic to cathodic areas. At 50 days immersion a movement of K .. into more

o3
positive values occurred, and this was stabilised at values of approximately -200
mV until 200 days of testing when a final drop to very active vaines took place,
and corrosion potential values close to -650 mV were obtained at 25C days of
immers:on.

From the above Figure it is observed that the Nyguist plol is an arc which
is almost parallel to the Z" axis in the beginning of the immersion period. In the
following days it started bending towards the Z' axis. A high frequency
semicircie was well defined after 20 days immersion, and the subszequenrt
relatively fast decrease of ite diameter suggested that degradation of the coating
Was 6ccurring. This is indicated in Figure 4.26. The formation of new corrosion

_ gpots, increase in size of the ores which had already developed, and the fast
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increase of the blistered area suppert the unpedance response obtained. F‘igure
4.27 (&) and (b) show the corrosion featnres of this specimen, after 30 and 50 days
respectively, At 50 days immersion most of the surface was blistered. Even
thoupgh cerrosion was evident since the initial days of expesure, the cﬂating
resistance was still very large at 130 deys of the test, (approximately IDMﬂ.cmz]l.
A sudden drop in Rpf values cecurred after that, Figure 4.28(a) and (b), and after

250 days immersgion the coating had failed completely, Figure 4,28(c),

-

(m) (b}
Figure 4.27 - Specimen USI (2) after (a) 30, and (b} 50 days immersion.

187



1.0 107 - -
LS s
BD 104y
"
5 6D 165
¥ 1 Ha
X 40 w0ap - Yt
& . L e .
16 1046 ., " . .
' - «:ﬂ: LS Ju.uu. o
J- ‘- ‘I-‘ ‘ ....‘
oo !:'.]'nu 109 20 1% &0 ME 60.10° BD 10 1107 L3 o7 ra gt
2 Ranl (Cemd)
5.0 103
LT B
T 40t
d
H
= |
Loap S o v
rwds » oo . - " -
L ] L) I.ll'.l
L) L '.n
i a 1 ]
v11] lnﬂ 1 "N"‘“‘n L
o w? eI 41 13* 60 10¥ 50 0%
Z' Heal {fLtmi}
15 1h2
USE (2) 2l dirs
[ ]
. P
R AR [
" | .
d .
-— L ]
L]
E -
TR .
N -
‘.-
/'m.
T n,l} 2 n 1 1
¥ 100 2ol db el &0if ko 1518

Z° Real ({L.eml)

¥ [degrees)
- —=— qL0d
ust@ ;inem
o7 b e .:ﬁu‘\ 1
Ll SRS 3 et ittt !
— lﬁ-qirﬂ!;i‘“':::h L *
d ;{}." ¥
;' “ y - Glr
ol 1 K
o . :
S ] V40
B " ¥
A AR
e 2 IRE
l‘.l’ k 1 1%
ro4 *
‘r|'- "IH
i, il —‘
|“f‘n-T—h‘—hﬁ§F o 1e? ’
w iHz}
(a)
IZ] . & [degreesy
e — st (e 1 "
-, 5 ﬂﬂ"m.m
“‘_"‘--mﬂmqu & 1¢8
ﬂh--._..,‘ _.“j: .'t
.".,"‘ FIL I
FlY dsa
g A
- e i
'"‘1'--4h--un-..-h-r—u-- :I ., .‘. N
O T
=y L
.y i ;]
. TN R
et ", ‘i 43 20
a "r..‘_ .! :I -'1'="
. Py A
LT Y . 5
Ll * :
L1 .‘-1-\.,___ .!:"{‘ 1
Y I 2250 7Y A SNV
2L o ") 104
w {Ifz)
i @ [degreen)
Lt - P
“\
«1‘ B
\‘ 1
T . ]
\\ \‘ 1
Y
e
LI -
-'ilh‘tw’ -1'1I'.'|
1')1- . 'io-t—-.m..n“. 1
.,
51 @) 250 dage .? 1_h; 1II:I
N .
o o 1|'.1"'1':I
w [Ha)

)

Firure 4.28 - Nyquist and Bods plots of specimen U3 (2) after (a)130 and 150 days,
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4.3.2.3 - Specimen USI (3)
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Fipure 4,29 - Corrosion potential vs time and schematic Nyqgunist plots of specimen JSI (3

The coating resistance of this specimen was very high during the first
days of immersion, and only the first part of the curve, an arc almost parallel to
the Z" axis, was ohtained. This are initially bent towards the rezl axis from 10
until 40 days of immersion, but shifted again in the direction of the imaginary
axis in the following days, This almost capactive response was maintained until
400 days of testing. The bending of the curve towards the real axis (Nyquist plot)
between 10 and 40 days was accomparied by a drop in cerrosion potential, Also,
after 20 days immersion a small black spot and & small blistered area were seen
on the surface. These corrosion features might have been the cause of the
decrease in both, R rand E_, .. The corresion spot and the blistered area became
gradually larger in the subsequent days. At approximately 4C days another
corrosion spot was observed on the surface, and this also deveioped slowly.
However, most of the surface was still metallic bright after 50 days exposure,
Figure 4.30. Fifteen days later, yellow ard blue corresion products had formed on
one of the blistered areas. At 180 days test, two black spots located at the centre of
the blistered region were surrounded by brown corrosion products. No
significant changes occurred from that tire until the end of test (400 days). At

400 days imrmersion, some areas of the surface were successively covered with a
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mixture beeswax:colophony resin, (ratio 1:3), in order to check if the relatively
large proporticn of highly protective coating was interfering with the impedance

response. The results of this test are shown in Section 4.3.5,

i
Figure 4,30 - Specimen USI{3) after 50 deys immersion.
43.2.4 - Specimen USI (4)
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Figure 4,31 - Corrosion potential vs time and schematic Nyauist plots of specimen LSI (4).

For this specimen the drop in potential in the first days immersion was

accompanied by the appearance of a high frequency semi-circle in the Nyguist
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Figure 4.32 - Specimen US| {4) after {2) 20 and {b} 50 days immersion

Figure 4.33 - Corrosion features of specimen USI(4) after 180 days immersion.
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Figure 4,35 - Nyquist and Bode plots of specimen ST (4) after 500 days immersion.
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4.3.2.5 - Specimen USI (5)
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Figure 4.36 - Corrosion potential vs tfme and schematic Nyquist piots of specimen UST (5).

For this specimen the very small brown spots distributed all over the
surface singe the early days of immersion were probably zssociated with the
characterigties of the microstructure of this steel. After 5 days immersion a
small black spot was noted on the surface and two days later it was suwrrounded
by a dishonded area. These corrosion features prew slow.y with time, and 20 days
after the test started, another small black spot and disbonded area were observed
en the surface, Figure 4.37{a). Although the corrosion features expanded in the
following days, no other corrosion features appeared until 50 days of immersien,
Figure 4.37(h). It was also observed that large volumes of liquid had accumulated
in one of the dishonded areas after 180 days of testing. The black corrosion
preduet associated with that region had alse become much larger, Yellow and
brown eorroding areas were also found on another area of the surface, at that
exposure time, After 250 days immersion, most of the coating had disbanded and
twoe large and voluminous black corrosion areas were seen on the surface,
Despite the cerrosion features deseribed above, the coating resistance, R,p was
still very large at that time {250 days), and had a value of around 10MQ.em”. This
starled to decrease slowly soen afterwards, Figure 4.38, and at 500 days exposure

the coating did net protect the substrate any longer, Figure 4.39.
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Figure 4,37 - Specimen USLE}) after () 20 and (b) 50 days immersion.
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Figurae 4.39 - Nyquist and Bade plets of specimen USI(S) after 500 days immersion,.

4.3.3 - Substrate MS

The development of corrosion potential with time and impedance response
{schematic Nyquist plots) of the specimens corresponding to this substrate are

shown in Figures 4.40, 4.43, 4.46 and 4.48.

4.3.3.1 - Specimen MS (1).

This specimen showed unusual behavigur with immersion time, whkich
was later found to be related to the lack of electrical contact hetween the lead

wiring and the substrate, Thus, for this substrate only four specimens will be

considered.
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operative during that peried, and finally at 350 days of testing, the coating did not
exhibit any barrier properties, Figure 4.42({c}.

(b)
Figure 4.41 - Specimen MS (2) after (a) 30 and (b} 50 days immersion,
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4.3.3.3 - Specimen MS (3)
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Figure 4.43 - Corrosion potential vs Lime and schemntic Nyequist plots of specimen MS(3),

At the beginning of the test, the impedance response of this specimen
produced only the initial part of the high frequeney semi-cirele which
propressively bent towards the real axis. Only at 130 days immersion did the lngh
frequency semi-circle become complete, which implied a slight coating
deterioration. Relatively ligh and stable corrosion potentials were also produced
by this specimen indicating that the coating was highly protective. From 150 days

to 350 days exposure, R,;.decreased from values of arcund 100 MQ.cm? o
approximately 20 MQ.cm® A larger drop in R, occurred after that time, and at
330 days immersion Rp,- was nearly 2.5 M.cm?, From then and until the end of
test, (500 days), Rpf varied only slightly and values close to 1.5 MQ.em® were
obtained. After 330 days immersion, a low frequency impedance response was
first ﬂijtained probably =zssociated with the corrosion process occurring
underneath the coating, The coating was still protective at the end of test
(approximately 1 Mﬂ.cmﬂ), and alse the corrosion potential was relatively noble
{nearly -50 mV).

Despite the hiphly protective characteristics of the cﬂéting on this
specirﬁen, a small hlack spot and a small blister were seen on the surface after

seven days of immersion. The rest of the surface, however, showed no sign of
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corrosion. Both corrogion features developed slightly in the subsequent days,
Figure 4.44, but it was only after €60 days immersion that a small and bive area
was identified close to the black corrosien spot. Two new corrosion spois
surrounded by a disbonded aréa were distinguished on the surface after 250 d;a:,rs
of testing, At {hat time the blistered area vccupied approximately h;ﬂf of the total

exposed area. Even though corrosion was evident on the surface, R was still teo

P

high to aliow the detection of the corrosion processes by impedance
measurements, The faradaic processes could be easily identified after 390 days
immersion, Figure 4.45. At that time (390 days) the low frequency impedance
responae seemed to correspond to the initial part of a semi-circle related to the
charge transfer controlled corrosion reaction which was probably occurring at
relatively low corrosion rates. The diameter of the low-frequency semi-circle, R,
was observed to decreased with immersion time, and a diffusion -1'251::{]1153 was
seent at low frequencies, This can be seen for times corresponding te 450 days

immersion in Figure 4.45,

Figure 4.44 - Specimen MS(3) aftor 30 days imnmersion.
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Figure 4.45 - Impedance response of specimen MS(3) after 390, 400, and 450 days immersion,

4.3.34 - Specimen MS (4)
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Figure 4.46 - Corrosion potential vs time and schematic Nyquist diagrams of specimen MS (4],

A very slow decrease in corrosion potential cccurred from the start of the

test and until 180 days immersion. During that period, the impedance response

E

FolT

was one characteristic of a highly resistive coating, Even after a sharp drop in

took place at approximately 200 days, the impedanee response remained the

same. It was only after 300 days immersion, that the are running almost parallel

to the imaginary axis started bending towards the real axis, Figure 4.47. After

350 days exposure, various areas of this specimen were successively masked

with colephony:beeswax mixture in order to test the effect of the ratio between
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protective and corroding arsas of the coating on the impedance response of the
system. The results of this test are presenied in Section 4.3.5. The corresion
features identified on this specimen since the first days of immersion
corresponded to two small black spots and some blistered areas. These can be

seen in Figure 4.48 after 50 days immergion and were still unchanged when the

test was interrupted at 350 days, confirming the good corrosion characteristics of
this system,

bz

= lameg {{Lrm N

¢ ldigreet)
75 107 - - L - — 150
. b .-g::'a"'“"""‘""-‘*-. .
PTRTL| S . ME() 2 T T WG < Yap
T L - LY
: Kot \
L] -f.' "ur \‘: x
.10 S 1’ 5 . - p“ lsn
. oy »
a HE . \
. } i "‘\‘ i

I t. H : . . 144

i |

-

13 Wi 105 MEi) »zaen .. :. i .

LB 4

b b \'-,'.

%

08 Lok 1 Losem = R 104 b . — . L
T N T N LY. N T B UL L . Lo 1ol 102 L 1 mﬁu
& Etal ket w {Hz)

Figure 4.47 - Nyquist and Bode plots of specimen M8 (4) after 300, 330, end 350 days immersion.

Figure 4.48 - Specimnen MS (4) after 50 days immersion.
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4.3.3.5 - Specimen MS (5
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Figure 4.49 - Corrosion potential vs time gnd schematic Nyguist plats vs time of specimen MS (5],

For this specimen four blistered areas and a black corrosion spot-were
noticed on the surface as early as the fifth day of exposure, and this was prebably
the cause for the initial drop in corrosion potential. The impedance resporse also
changed from an almost capzcitive behaviour of coating to a definite high
frequency gemi-nirnle afier 5 days immersion {Rpt- approximately 100 MQ.cm?),
The diameter of thus semi-circle decreased in the subsequent days to values of -
around 10 Mﬂ.cmz, suggesting that the coating was lesing its protective
qualities. This also explaing the rapid development of corrosion features
underneath the coating. The blistered areas spread relatively quickly in the
foHowing days, and 10 days after the start of the test, these arcas were completely
surrounding the corrading spots. The corroding spots also grew with immersion
time, and changed colour from brown to black. Figure 4.50 {a) and (b) shows the

corrogioni characteristice of this specimen after 30 and 50 days immersion,

respectively, The impedance data showed a large increase in Rpf from 25 to 30
days, but shis soon decreased again. The increase in Rpf 15 possibly ezplained‘by
the blockage of pores where the localized corrosion had oceurred, The corrosion

products grew under diffusion control, and sinece these were locally deposited
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they hindered the access of cnrrngiun species to the metallic matrix. Onece the
pore was blocked, the resistance of the system increased and corrosion proceﬁses
were only detected when corrosion started in a new area of the surface, The
coating resistance was relatively stable between 35 and 13!‘5 days immersion but
decreased after that period, Figure 4.51(a) and (b). It should be added that R.pf
recovered slightly 1o higher values between 250 and 270 days immersion, and this
event was also accompanied by an ingrease in the corrosion potential, Figure

4.61(c). The high frequency semi-cirele became depressed between 250 and 300

days immersion, Figure 4.52(z). A final decrease in both, Ry; and E started

COrT?

after 270 days. At 330 days, Rpf values of approximately 2 kQ.cm® were obtained,

Figure 4.52(b}, The test was terminated at 350 days, as it was considered that the

coating was of no protective value, Figure 4,52{c).

(&) (b}
Figure 4.50 - Specimen MS (B) afler (a} 30 days and (b) 50 days immersion.
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4.3.4 - Substrate LAS 11

The evelution of corrosion potential of the coated LAS II specimens are
shown in Figures 4.53, 4,55, 4,59, and 4.63, which alse include schematic Nyquist
plots.

4.8.4.1 - Specimen LAS II (1)

T T3ET e
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Time [days)
Fipure 4.53 - Corrosion potential vs time and schematic Nyguist plots of specimen LAS II (1)

The corrosion features which were chserved during the early stages of the
immersion of this specimen, corresponded to a black corrosion spot surrounded
by a disbonded area., The rest of the surface showed no visible corrosion. The
dishonded area spread in the following days, and a new brown corresion spot,
located close to the black one, was seen on the surface at approximately 30 days
exposure. These corrosion characteristics shown in Figure 4.54 after 50 days
immaersien remained unchanged in the subsequent days. From that time until
the test was finished, no new cerrosion features appeared on the éurface. The
coating resistance had a relatively large magnitude throughout the duration of
experiment. Slight degradation of the coating was only indicated by the bending
of the arc at times corresponding to 5 days, 130 days, and 300 days immersion. At
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these times the corrosion potential also shifted temporarily to more active values,

However, E recovered to nobler values soon afterwards. The test was

CoIT
interrupted after 360 days immersion, when this specimen was used fto
investigate the effect of the ratio of the protective and corroding areas of specimen

on the impedance response of the system. The results of this test are presented in

Section £.3.5.

Figure 4.54 - Specimen LAS II (1) after 50 days imm.ersinn.

4.3.4.2 - Specimen LAS I1 (2)
This specimen produced unusual behavicur which was ]atEI: found to be
cauzsed by the corrosion of the screw conrecting the lead wire to the steel

substrate, Thus, for this type of steel only four specimers will be considered.

209



4.3.4.3 - Specimen LAS II (3)
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PFigure 4.65 - Corresion potentiel vs tme and schematic Nyquist plots of specimen LAS 17 (3),

A minute black spot was noted on the surface of this specimen after 7 days
immersion, but the remainder of the surface was still metallic bright at that
time, Thig situation wag still unchanged after 30 days immersiﬁn, but 10 days
later a large blister was seen oz the surface and this covered almost all the
surface at 50 days immersien, Figure 4.56. In addition, large volumes of liquid
accumulated under the dishonded area and were easily wisible through the
transparent coating, Also between 30 and 50 days a new corrosion spot showing a
brown centre and black boundaries appeared on the surface. The impedance
response after 40 days immersicn produced a high frequency semi-circle and a
low frequency response representing the corrpsion process underneath the
coating. A drop in corrosion potential occurred at that time. The coating
resistance decreased in the period from 50 to 90 days immersion, After 50 and 180
days immersion new corrosion features developed, These mrr&spﬂn:de& to yellow,

brown and biack areas on the surface which was completely blistered at the end

of that period. Although slight increases in Rpr oceurrad in the periods from 90-
130 days and from 200-250 days, the general trend was for decreasing R,p values,
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Figure 4.5%7(a-c}. At 420 days immersion, the specimen wag removed from
golution since it was considered that the coating no longer exhibited protective

characteristics, Figure 4.58,

J-!,-’*-Lﬂ thd

J ‘."l’ka‘H” ‘Iil

) W '1-[rf|.'5|rI .
'Lt [ i |. 'r h ?-"’ p
A Ere

FEIRR NS TR
Ii Ir : 515 Fr” -
g;'&:'&j} er oy 1*-1 r'_*l'-! 'i: rJJ i *
AT “'-':’1 J' iy i..- ﬁ-‘u .

etk

{al {b)
Figurc 4.55 - Specimen LAS Il (3) after (a)} 30 and (%) 50 days immersign.
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4.3.4.4 - Specimen LASTI (4)
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Figure 4.59 - Corrosion potential vs time and achematic Nyquist nlots of specimen LAS 11 (4},

Corrosion features on the surface of this specimen became visible six days
after starting the test. These corresponded to a small black spot and a small
blister whereas the rest of the surface showed no evidencE: of corrosion. In the
following days the corroding spot became more voluminous and two new
blistered areas developed on the surface which were easily seen after 20 days
exposure. Figure 4.60 shows the ahove corrosion characteristics after 30 and 50

days immersion, respectively. The liquid accumulated in the hlister at 50 days
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exposure was yellow indicating the presence of ions generated in the corresion
reaction. This same solution changed to a brownish colour after 180 daj._r_'s of
testing, Fipure 4.61. Despite the corrosion characteristics mentioned above, the.
coating resistance was stiil relatively high at 130 days (around 20 MQ.cm?). Even
though Rpr decreaged by nearly half in the next 200 days, it was still very high,
approximately 8 M em?, when the experiment was interrupted at I5[}ﬂ days

immersion, Figure 4,62,
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Figure 4.60 - Specimen LAS II (4) after (e} 30 and (b) 50 days immersion.

Figure 461 - Spocimen LAS II.{4} after 180 days immersion,
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4.3.4.5 - Specimen LAS TT {5}
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Fipure 4.63- Corrosion potential ve time and schematic Nyquist piots of specimen LAS 11 (5.

During the first 5 days of immersion only a very small brown carrosion

spot was seen on the surface. Thie spot grew eiightly and became biack with

time, Tha surface characteristics of this specimen are shown in Figure 4.64 at 50

days immersion, Fifteen days later the corroding spot was surrounded by a

disbonded area. The disbonded area and the eorrosion spot enlarged slightly in

the following days. These features, at 180 days immersion, are shown ia Figure

4,85, The rest. of the surface at that time did not show evidence of corrosien, and
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the coating resistance was also very large (around 5¢ MQ.cm?), The coating
resistance then decreased from approximately 30 MQ.cm? (200 days) to ne__élrl;v
T MG.cm® (420 daya), but was still of that order when the experiment was
terminated at 500 days immersion, Figure 4.66. |

r
-

?

L _ L

Figure 4.65- Specimen LAS I1 (5) after 180 days immersion.
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Figure 4,66 - Impedance response of specimen LAS II (5) after
{a) 330, 350, and 420 deys, end (b) 450 and 500 days immersion,

4.3.5 - Impedance resulis

A sketch of the circuit dizgrams used in the electrochemical impedance

measurements was presented in section 2.1.6.9.

4.3.68.1 - Changes in Rpf with immersion Yime,

The impedance measurements were carried out at the corresion potential.
The resulting electrochemical impedance data were interpreted to determine
individuai components of an equivalent electrical circuit that best approximates

the behaviour of the coated metal-solntion interface. The value of these
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components such as paint film capacitance, Gy, and coating resistance, Rpf’

altered with immersion time, Table 4.2 presents a summary of the development
of the coating resistance with time of the varieus systems used. This includes the
time for the film resistance of the various coated specimens to decrease to a
magnitude of the order of 1 Mﬂ.cmz, and the time of failure of the protective
characteristics of the varicus systemns used. A curve-fitting procedure, in which
a compass was used to find the semi-circle which best fitted the exl;erimental
data, was employed for the determination of semi-¢ircles in the Nyguist plot.

From Table 4.2 it can be noted that at least one coated specimen of each
substrate did not fail during the duration of the test,

Some specimens, USI (3), ME (4) and LAS 11 {+1}, were used for testing the
effect of ratic between corroded and non-corraded areas because their impedance
response only showed characteristics typicat of an almost perfect coating, this
was despite the correosion which was observed on the substrate, The results are
presented in the next section.

Twe specimens shewed unusuazl behaviour, One, MS (1), had the
connecting screw unprotected thus allowing the corrosive solution to
preferentially attack the screw. The other specimen, LAS II (2), was electrically
disconnected. Two other specimens, A36 (1) and USI (1), were removed from
solution after 250 days immersion, and allowed to dry for 10 days in a desiceator
over silica pel. Althcugh no significant changes were observed upon re-
unmersion of the specimen TISI (1), due to 1ts highly resistive coating at the time
of removal, re-adhesion seemed to have occurred in the case of the A-36 {1}
Because of that, the time of failure for this latter specimen was delayed. Thus
these two specimens were not considered to have been exposed u.r{der the same
conditions for the duration of the test. For comparison purposes gnly specimens
which were exposed at the same conditions for the whole test will be considered,

Figures 4.67 to 4,70 show the variation in R, values with immersion time

for the following substrates A-36, USI, M8, and LAS II, respectively. The coating
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resistance, Rpf, was obtained from the intersect of the high frequency semi-cirele

with the real axis, or as the chord AC shown in Figure 3.33, in the case of

depressed semi-circles,

TABLE 4.2 - Time for conting faflure and decay in resistance,

time for time for failure .
Substrate ¥
* Ry < 10° Q.em? (days) (days) Observations
' removed at 250 days and
A-36¢1) 250 420 re-immersed 10 days
later
A-36 (2) 403 150
436 (3) 2105 Gemd did ot Faii capeeitive behaviour
most of the time
A-36(4) 200 350
A-36(5) 1 180
removed at 250 days and
Lali1) 330 500 re-immersed 10 days
Inter
UsI(2; a0 250
Usi (g | testofared efiect at 390 ; did not fail
ays
ST (4 330 B0
USI 15} 200 o
MS (1) ) ) no electrie cornection
M52} 200 350
MS (3} 390 2108 Q.cm® did nat fait
MS (4) test of ara;. effect at 350 i
BYs
MS (5} 180 35
LAS (1) test of area effect at 360 )
days
i i connecting screw
. LASIIZ) carroded
LAS [1{3) 35 450
LAS I1{4) 200 2 10% QLem® did not fail
LASIZ(5) 300 > 108 £1,em? did not fail
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Figure 4,67 - Progress of Rpi‘ with immergion Lime for A-38 specimens.
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Figure 4.68 - Evolution of Rpf with immersion time for USI steel substrates
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Fipuro 4.70 - Develepment of R.pf with immersion time for LAS 21 specimens .

Only a single coated LAS II substrate failed during the immersion period.
The two other LAS II specimens shown in Figure 4.70 simply showed a slight

decrease in Rpf' but the coating on these specimens was still very protective,

having a R value of the order of 10°¢.em?, when the test was ‘erminated.

Comparatively, the coated system correspending to the A-36 steel substrate
showed lower failure times. All three A-36 specimens preserted in Figure 4.67
failed at timnes less than 400 days. The coated substrates, MS and USI, produced
intermediate behaviour between the tweo other steels, A-36 and LAS TI. Two of the
cpated USI steel specimens, USI{4) and USI(5), failed at times of approximately
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500 days and a third specimen, USI(2), failed at veariy 25% days. Evenr though two
MS coated specimens, MS(2) and MS(5) had failed at approximately 380 days, a
third specimen, MS3(3), did not fail during the test period.

In general an arrest in the decrease of coating resistance uccr.ujred after a

glight and initial decline was observed. A plateau in the log Rpf vs time ¢urve

was then obtained. The values of the platean resistance seemed to correlate well
with the extent of corrosion for long term exposure. The initial values of Rpf,
however, did not usually show any correlation with long exposure behaviour of

the coated specimen,

The time 7 at which a final and steady decrease in the coating resistance to
values < 10° Q.an? started, is tabulated in Table 4.3 for the various specimens

compared,

TABLEM-Tim,T,whmﬂmﬁnﬂldmpiuRpfsmd.

Subsirate T (days)
=
A-36 (2) 100 |
A-36(4) 350
A-36 (5) 50
USL(2) 150
USE (4) 450 !
USE (5) 450 i
MS (2) 300
MS (3) 500
M3 (5) 300
LAS 11 (3) 400
LAS IT (4) 500
L LASII(S) >500

From the Table above, it can be deduced that the substirate seems to have

an effect on the behaviour of the coated system. While the coating on the LAS IT
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steel gubstrate remained very protective most of the time, relatively répid
deterioration of the protective properties of the coating occurred for the substrate
A-36. The performance of the coating-substrate system seemed fo be ranked in
the following order, LAS II->USI>MS»A-36. The criteria used for comparing the

performance of the coated substrates was the time for failure and the time for a
final drep in Rpf to start, T. It can also be noted that two of the LAS IT coated

specimens did not fail during the period of the test, eventhough the Rpf

corresponding to these specimens had dropped to wvalues of the order of
10° Q.cm?, after 200 and 300 days immersion, which indicates that some
deterioration of the system occurred. This supports the idea that even for cases
when the coating is Josing its protective characteristics, the lower corrosion of

the LAS IT substrate retarded the complete failure of the system,

4.3.5.2 - Effect of ratio between corroding and protective area of specimen
on the impedance response.

Three specimens, LAS IT (1}, MS {4), and USI (3) were used after different
immersion times for investigating the effect of the larpe protective area of the
coating in relation to the small corroding aress on the impedance response of the
system, Inn this experiment it was hypothetised that the active corroding area
corresponded to the whole area covered by the black spot, by assuming that the
real active area was only slightly different from the measured area. The reason
for undertaking this fest was that although corrosion was visible on the surface,
the corresponding impedance response was cne typical of a very protective
epating with an enormous resistance. Thus, increasing areas of the specimen
were successively masked with a mixture of beeswax and colophony resin, in
order to increase the proportion of cerroding area in relation to the intact one,

Impedance runs were carried out after each masking step, and the

respective responses corresponding to the various specimens used are shown in
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Figures 4.71-4.73. It is easily noted from these Figures that two of the specimens
aghove, LAS II (1) and MS {4), produced eurves which increasingly bent towards
the real axis aftar the total exposed area was consecutively reduced from 10 em’
to 1 cmzf The high frequency semi-circle for these two specimens was completed
when the tofsl area exposed was 1 cm>. For this exposed area a diffusion tail,
related to corrosion processes underneath the coating, was also obtained at the
low frequency range, The coating resistance in both cases was approximately 20
MQ.cm?, which is sii)l very high. The corroded area for hoth specimens
corresponded to approximately 2x10°% em”, These observations suggest that the
ratio of cathodic to anodic areas affects the impedance response obtained for a
coated system which was showing localized corrosion.

Based T..lpﬂn the results obtained for the two spocimens, LAS II (1) and MS
(4), it can be said that enly when the ratio of the cathodic and anodié areas, ', was
arounnd 50, that the corrosion processes were identified by the impedance
response. For 7 ratios higher than that, only !;he response corresponding fo the
coating was preduced. It is worthwhile mentioning that if the coating resistance
is too high, as in the case of the ather specimen tested, USI {3} (corrading area
alao corresponding to approximately 2x10°% em?), only the ceating response will
be obtained. For this specimen even when the exposed area was reduced to
approximately 0.2 em?, only an are almost parallel to the imaginary axis was

obtained, [Figure 4.73.
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4.3.5.3 - Coating capacitance vs time results.

The penetration of water in a ceating is known to induce changes -"111 its
capacitance, The relative dielectric constant of water {e=80) is much larger than
the gne correspending to an organic coating (e=4-8)"1, Thus the incorporation of
water by a coating can be monitored by measuring its capacitance, pr, using
electrochemical impedance measurements. Figure 4.74 shows the coating
capacitance as a function of time for the various coated steels duﬁnﬁ the first
hours of immersion. Assuming that the change in coating capacitance is due to
the absorption of water by the coating, it can be said that the water uptake is
rapid during the first 2 hours of exposure, and a steady value is attained after
that, The lack of variation of Cpf with time for longer periods is p.rﬂhabl}" gaused
by the saturation of the coating with water, The fact that alkyd coatings, in
generai, sake up water very rapidly when exposed to agueous soluticns, does not
necessarily facilitate the corresion reaction, because this water is dispersed
throughout the coating. It is known that only when water cendenses at the
coating/substrate interface, providing a medium for the electrochemical pmce-ss,

that it can be considered dangerﬂus&m

. The only information provided by
capacitance measurements is regarding the tota! water in the system. The
proportion of that water as an squeous phase water at the coating/substrate

interface, however, is not obtained from these measurements.

) * e A6 |
— 00 f _____ T LG yomamm e LasT
N - “ _____
Lid .

: g i ' » USI
?-: (L} ] Ay n"i__'_..---ﬂ" IR TEL R ¥ 3
s T -
2 MR
) L
T 160
B o
o
150

40 : * * . - a . 1 c . .

0 160 200 200

Time (min)
Figure 4,74 - Typieal change in Cpr of systems used during initizl exposure to 3.5% wt NaCl
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The small differences in C_¢ observed in Figure 4.74 might be attributed to

a variation in the microscopic sfructures of the various coatings, such as
different cross-linking densities or defects introduced in the coating during

application. The substrate is not supposed to affect Upf in the first hours of

exposure.
The values of Cpf depend upon both the chemical and physical nature of
the coating film, particularly its thickness, chemical composition and

microscopic structure””Y. The absorption of water was seen to have a marked

effect on Cp, but this is particularly significant in the first hours of immersion,

after which steady values of Cpf were obtained. In this work, thicknesses and the

chemical composition of the coatings wsed were similar, thus any small
differences produced could only have heen caused by differeqi; microscopic
structures generated during ceating applicat’en andfer curing process. The
curing nrocess affects the cross-linking characteristics of organic coatings and
can lead to small differences in the coating properties. Orgaﬁic coatings are
usually composed of macromoelecular compounds, whose molecules or their part

(209 The space rot physically

ripove within certain limits of space volume
occupied by the polymer segment corresponds to a free velume or areas of low
density, "holes”. The "holes” or low density areas generated are probable areas
through which species diffuse into the coating. Cross-linking affects
significantly the movement of macromolecular units@™, Coatings with high
cross-linking density are expected to provide lesser "free volumes” or low density
areas, and consequently have lower rates.

Changes in the coating capacitance of the various systems used are given
in Figures 4.75-4.78 for long term immersion in 3.5% wt scdium chloride

selution.

The very low values of calculated capacitance, (order of 19*? Fiem?),

| obtained in the first days of the test show that the high frequency semi-circle

rapresents the effect of the coating film. Only a single specimen, MS{2), showed
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an intermediate arrest in coating capacitance increase. The usual characteristic
behaviour of the other specimens corresponded to a large and sharp increqse in
‘capacitance, once the protective characteristic of the coating deteriorated and
corrosion became general over the substrate, The accumulation of agueous pha-se
water at the interface can be one of the causes of the increase in capacitance.
Changes in coating c-apar:itam:e after prolonged times of immersion for the
various specimens might also be due te a change in the structure of the film
under the action of the electrelyte which penetrates the film to the metal surface
through the existing pores in the film. The penetration of the electrolyte in itself
15 known to induce a change in the capauitanc:e of the coating due to the different

dielectric constant of the organic coating and that of the electrolyta™®,
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Figurs 4.76 - Changes in the coating capacitance with immersion time for coated USI systems.
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If large quantities of water are introduced into the coating, its dielectric
constant increases and channels are formed along the chains of the film forming
macromolecules, through which large hydrated ions can penetral:emg]+ This is
generally followed by 2 large increase in the coating capacitance and the
generalisation of corrosion all over the surface.

When water is not allowed to accumulate st the interface, corrosion dees
not spread all gver the surface. This seemed to be the case with specimen A-36
(3), for which the coating capacitance was practically corstant during the whole
test, Figure 4.13. Values of the order of 10"Y° F.em™ were maintained for this

sperimen until the end of the test.
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From the data presented above it can be assumed that if the evolution with
time of the coating capacitance and coating resistance are compared as a criteria
for detection of deterioration of the protective characteristics of the coating, the
changes in'the coating/rubstrate system are easily and first detected by analysis
of the coating resistance. However, the analysis of the ceating capecitance with

time seem to provide acturate ceating failure times.

4.3.6 - ¥-Ray Photoeleciron (XPS) and Auger Spectroscopy resulis

A coated substrate corresponding to LAS IT was left for 100 days immersed
in 3.5% wt NaCl. At that time, the only corrosion characteristics on that
specimen corresponded to three small corrosion spets surrcunded by small

deiaminated areas, Fipure 4.79.

Figure 4.79 - Bpecimen LAS II after 100 days exposure to 3.5% wt NaCl.
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After 100 days iminersion the specimen was removed from solution and
surface analytical techniques were applied to investigate the chemical
composition of one of the corrosion spots and the interfacial regions surrounding
it. Fdr this purpose the coating was peeled off, being easily removed from the
delaminated area, Figure 4.80 illustrates the regions analysed by XP5S and Auger
techniques, The small dark spot corresponded to the site of the anodic reaction,
and the lighter coloured regions around it represent the regions where the

cathodic reaction took place with the development of an alkaline environment,

iy 7
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Figure 4.80 - Regions of specimen analysed by XP3 and Auger Spectroscapy.

Elemental surface compositions for the regions analysed are summarized

- inTable 4.4 .

TABLE 4.4 - Elemental surface compositions XPS (Atomic(t)} of regions analysed.

— e ———— R — R [P

Element Top of Region Rerion B dReginn _]
Idertified cuating {1} (2} {3) [
C 1s pl.o G4.1 67.5 66.9 '
Q0 1s 8.1 11,2 10.0 126
Fe 2p “en 0.9 12,2 16,0
Na 1s e 10.% 10.1 o .81

It s noted from the Tabkle above that the Na content is redueed by nearly

_half when moving from regions {1) and {2) i0 region {3). This is probably
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explained by the alkali generation at the cathodic regions adjacent to the
corrosion area, which subsequently moves to more remote areas, leading to the
spread of the disbonded area. The fact that C and O species were detected on the
substirate surface after the pesling off the ceating, indicates that either the resin
degradation occurred near the coating/subsirate interface, or the disbonding was
not uniform and coating residue was left on the surface.

The peaks O 1s and C 1s corresponding to regions (1), {2), and (3), were
split. This could have been caused hy a chemical shift or differential chargiog.
Auger Spectroscopy analysis undertaken over the centre of corrosion spot and the
argas argund it indieated much less C on the corrosion spot than on the
surrounding areas. Thus differential charging waa unlikely, Chemical shift, on
the other hand, could be a consequence of attack of the coating by alkali. No
significant differences were found among the characteristics of the -D 1s and C 1s
peaks ir: the 3 regions, The coating on the unaffected area, Figure 4.81 (a) and (b},
produced only a peak for each element, C 13 or O 1s, shifted by approximately
3.5eV (C 15} and 4.2¢V (O 1g) indicating the type of coating used. A peak
corresponding to IMa 1s was obtained at BEs arcund 1072.5 eV, in the dishonded
regions, also suggesting that thizs could be related with sodium hydroxide
species, Figure 4,82 (2) and (b} illustrates the response referent to the region (1).
A first peak occurred at binding energies {(BE) of approximately 285 eV,
penerslly due to carbon bound to itself andfor hydmgenmg}. A second peak was
noted at BE of 289.3 eV, and this is usually associated with carboxylic acid or
ester, Therefore, this second peak is prebably associated with the eoating. Oxygen
induces shifts to higher BEs by approximately 1.5 eV per C-0 bond, and
thus -COOH causes a shift of nearly 4.5 eV in the C 1s BE corresponding to C-C or
C-H. The O 15 XPS spectra produced a first peak at BEs of 532.2 eV typical of mast
oxygen functional groups, and a second one at BE values arounid 533.5 V. Ester
" oxygen in carbexyl groaps causes a shift ir the O 1s peak to values around 533.5
eV, and this supports the view that the second Q Is peak refors 4o the coating.
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Increases in the relative conceniration of carboxyl groups in the coating wi'.th
increasing oxidation, have been associated with enlarging shifts in the Q 15 peak
(198) Poaks detected in the range 531-534 &V could alsc sugpgest a variety of forms
of chemically and physically bound water, nxygen and hydroxyl.

A series of maps of the elements C, I'e, Na, and O on the correded and the
disbonded areas are shown in Fipure 4.83. High concentrations of the element
analysed are represented by the orange colour. It is seen from this Figure that
Na was detected at the centre of the corrosion spot in relatively large
concentrations. This observation indicates that corrosion in this case, might
have started at s weak point in the coating film. This faulty region would
represent an area of low ionic resistance, where the penetration of ions would
have been easier. Since alkyd resins are cationic selective, the diffusion of Na*
iuns at weak points would be expected. Na species were also detécted at the
disbonded areas, meaning that the formation of alkali by the cathodic reaction
was the probable cause for disbonding. The other elements identified on the

corrosion spot corresponded ta Fe and O from the corrosian product.
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Figure 4.81 - XPS Spectra on unaffected area,
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Figure 4.83 - Auger maps of C, Fe, Na and O on the corrosion spot and disbonded area around it.
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Another specimen alsc corresponding to LAS IT coated substrate, was
analysed by XP3 and Auger Spectroscopy, after immersion for 110 days in the
game corrosive sclution. The spot analysed is shown in Figure 4.84. The coating
was peeled off before analysis and it was easily removed from the areas
corresponding to the darker ring surrounding a lighter centre. The ease of
removal of the coating from the darker region was a result of cathodic
disbondment caused by the generation of alkali, Large concentrations of Nz
species were associated with that area, since Na®* ions diffused to the region to
neutralise the charge effect caused by the production of OH by the cathodic
reaction, Figure 4.85(a). The removal of coating, exposed the bare metal-wh.ich
was protected from corrosion by fhe alkaline environment, Figure 4.85(h). The
centre of the analysed spot corresponded to the anodic region where the
formation of corresion products eccurred. Some contribution of tﬂe coating was
still detected on the centre of spot, indicating that the corrosien product confered
adhesion between coating and substrate, Figure 4.85(a}. The presence of oxida
and hydroxide was also detected by XPS analysis on the disbonded area arpund

the corresion spot, Figure 4,86,

Figure 4.84 - Spot analysed by XPS and Auger Spectroscopy analysis.
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Figure 4.85 - (a) XPS maps of carbon (red) and sodium (green) and, .
{b) map of Fe on the spot analysed,
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Figure 4.86 - O 1s XPS spectra at disbonded area showing the contributions
of oxide and hydraxide.
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4.4 - General Discussion

At the beginming of the immersion peried an arc running almapst parallel
to the Z" axis was produced for most coated specimens indicating an initial
highly protective coating. This also indicates that the coating on the specimens
used was not grossly defective, and there was no sigmificant ionic transport
through the coating. _

For the coatings which maintained their protective characteristies dunng
all the test, the substrate did not seem to have affected the performance of the
system, This i5 expected since the coating in these cases works as an almost
"perfect harrier” to the corrosive environment. Unfortunately, this rarely occurs
in practice and defective coatings are usually found. Defects can also develop
during the service lifetime of coatings. In these common cases, "non-perfect”
coated systems, the substrate electrochemical properties is believed te affect the
corrosion characteristics of the system. In the cases where Ry decreased with
time, it is considered that the corrosion process at the interface enhanced
conduction through defects in the coating. Thus, substrates more susceptible to
corrosion would result in lower times for failure of the coated system.

{One of the possible reasens for the excellent properties of some coatings,
even after long periods of exposure, might have been their high cross-linking
density resuiting from a complete cure of the coating. This was supported by the
great difficult in removing it from the suhbstrate, either mechanically or
chemically. Proper ceating application after adeguate surface preparation might
have been the cause for the resultinpg outstanding ceating characteristics
obtained.

It can be said that all experiments used in testing the corrosion
characteristics of the coated systems are greatly dependent on the perfection of
the eoating. Obtaining or preparing films without defects is always difficult. So
results should always report on the reliability of the test based on their

reproducibility.
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Some specimens prodpnced an increase in the values of Rpf at certain

times, and this is attributed to pore or defect bleckage by eorrosion produets, An
increase in R was generally seen after the disappearance of the faradaic
response at the low frequency range. For cases where the low frequency response
corresponded to 8 Warburg diffusion impedance 'tail, it suggested the growth of
rust spots under diffusien control.

For most specimens tested localized corrosion was noted and these were
associated with smali brown and black corresion spots. These correaponded to
the location of the ancdic reaction. In some cases the corrosion speot was
surrounded by & delaminated area which represent the regions where the
cathedic reaction toak place resulting in the development of an alkaline
 environment. The presence of Na and hydroxide species at the disbonded areas,
detected by Auger and XPS analysis, supports the view that disbﬁnding Was
caused by the production of alkali. , 1

Generally the corrosion of coated metals hag its first step as the rasult of a
galvanic effect with the ancdic reaction being located at the bare metal exposed at
a paint defect or ‘weak’ area, snd the cathodic reaction underneath the intact
coating. The way the corrosion product acts subsequently is treated differently by
three mechanisms. A first viewpoint considers that the corrosion product
behaves as inactive areas®'’, A second explanation asgumes that the
voluminous corrosior products affect mechanically the coating/metal bond,
lifting the pain{ and eventually causing the breakage of the interfacial bond22%,
Finally, a third hypothesis postulates that the corrosion products actively
participate in the electrochemical reactions responsible for metal substrate
corrosion and subsequent delaminationt®®",

In fact it is believed tha* all the three proposed mechanisms might be
operative depending on the corrosion product characteristics, When the

corrosion product is compact, not voluminous and is covered by FeQOH (brown

rust), i5 might block the access of corresive species to the underlying metal
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without disturbing the bond mletal oxide-coating. Since this type of rust is not a
good electronic conductor it is not possible for it to take part in the
electrochemical reactions and the first mechanism is bound to be prevailing.
This mechamsm might have been operative in the corrosion of the.specimen
A-36(3). For this specimen although brown cerrosion spots were observed, these
still showed the same colour at the end of test (500 days irmmersion). Voluminous
corrosion products were formed on some tested specimens resulting in the lifting
off of the coating and subsequent mechanical damage of the interfacial bend.
Cases were also found where the delaminated areas were surrounded by black
corresion spots. Magnetite, (FegQ,),the black corrgsion product is an electronic
gonductor and thus might have participated actively in the electrochemical
reaction eventuglly leading to delamination. It is also believed that sulphide
inclusions, which are good electronic conductors, can take parlt in the
electrochemical reactions and contribute to the phenomenon of underfilm
corrosion. On the other hand, oxide particies whick are puc_-r' electronic
conductors are not expected to be as effective as the snlphide types.

Differences in the general trend shown by coating-substrate systems to
resist corresion failure could only be detected because long term testing was
vsed. The high coating resistance found at the initial period of the test resulted in
long immersion periods (> 150 days) for the various systems to fail,

An attempt was made to explain the reasons for the different behavicur
exhibited by the varions coated substrates, based upon their microstruciural
characteristics, As mentioned in Section 3.3.4, the microstructure of the various
steels used was analysed by Optieal Microscopy and Energy Dispersive
Spectroscopy. The reasoning for investigating the microstructure characteristics
as a possible cause for the differences was that these features after few days
immersion were easily revealed in the case of the steel A-38. They were usually
associated with small brown and black corroding spots. Small brown spots were

alse easily identified on two of the coated USI substrate, USI(1) and USI{5}, The
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common characteristics of these two steels, A-36 and USI, were a relatively
larger inhomogeneities centent at the surface with larger inclusions compared
to M5 and LAS I1. In fact a great number of the inhomoegeneities on the A-36 and
TSI steels were visible to the naked eye. In the cage of the steal A-36, these were
aligned in the rolling direciion as result of the preduction process and thus were
easily distinguished. Much brighter surfaces were obhiained after polishing the
steels MS and LAS II eompared to the other two steels,

The common type of inclusion for each steel varied according to the steel
type. Sulphide types were usually found in the mild steels. In the case of A-36
steel moat inclusions correspended to MnS as shown in Figures 4.7 and 4.88.
However, some few inclusions on this steel were alse observed to contain Al, Si,
Man, and Fe, and are probably oxides of these elements. On the other hand, the
ugua’ inclusions for the low-alloy steels were of the oxide or ;:I:tixed, oxide-
sulphide type. Thus, a relationship seems te exist between the nature, size and
content of inclusions, that is the 'cleanliness' of the steel and its performance
when coated.

Inclusions or slag particles are undesirable volume defects which are
introduced during the production process. They cannet be completely avoided,
ard can lead to a selective attack. Corrosion processes described as selective
attack are localised, and thus can be very penetrating, leading fo pitﬁng‘s}.

Most specimens showed corroding spets and delaminated areas during
the immersion time, "Weak" areas of the coating, prasent initially or developed
during exposure to the corrosive environment, allowed localized attack of the
substrate and the subsequent production of alkali at the surrounding areas to
occur. In these cases the substrate seemed 1o have an influence on the system
behavicur. Considering the value of the resistance Rpf as an evaluation of
carrosion protection, the erder in which the corrosion progressed on the different
substrates was as following: LAB IL-USI>MBS>A-36, It is worthwhile mentioning
that the uncoated steel LAS [I produced comparatively better corrosien
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characteristics under non peolarized conditions among the four steels above, see
chapter 3, sections 3.3.2 and 3.3.3.

I is therefore proposed that one of the probable reasons for the relatively
lower pertl'nrmance of the A-36 substrate when compared to the other substrates
15 its larger inhomogeneity content, consisting mainly of inclusions of MnS. The
presence of inclusions causes the creation of microgalvanic cells when an
electrolyte is present. Mn8 is cathodic to ferrite and as such it works as cathodic
reaction sites, and the surrounding meta. is hence attacked. When water is
allowed to accumulate at the interface in amounts sufficient to cause the
breakage of passivity, the presence of MnS there acts as a corrosion stimulating,
Sulphide inciusions are much better eiectric conductors than silicate siags and
oxide inciusions, MnB (k=0.12"L.em™ )™, Since inclusions are compasitional
Leterogeneities on the surface, they can lead to lacalized corrosion. Localised

(200) 15 +he case

attack is known to be generally initiated by metallurgical factors
of the coated steels used in this work localised corrosion was usually found, This
was possible due to the protective characieristics of the coating, which allowed
corrosion 1o initiate at "weak" or defective areas of the coating and be restricted to
that particalar area, whereas the cathodic reaction occurred at the surrounding
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Figure 4 87. Analvsis of the inelusions in A-38 type steel,
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Figure 4,83 - EDX Spectra on the Mn3 sulphide inclusion.

The following steps have been proposed for the localised corrosion of
carbon steels {Emj, and by analogy this can be applied to this work, The presence
of MnS inclusions at the surface is believed to work as further of localized
COTTOSION,

Initially water reaches the coating-substrate interface, and possibly when
it is allowed to form a continuous layer, corrosien starts at the anodic sites 0%
Fe -+  Fe* 4 2" (4.3)

A hydrolysis reaclion cccurs next, resulting in an increase of the acidity at

the region
Fe** 4 Ha( - Fe{OH)* -+ H* (4.4}

The presence of oxygen at the reaction site promotes the formation of iron
(IID) ions. The combined iren in the Fe(OH}" ion, can also be oxidised to a IIT

state, according to:
2Fel + 120, + 2H* -~ 2Fe* + H 0O (4.5)

or 2Fe(OH)* + 120, + 2H* ~ 2Fe(OHP* + HO {4.6)

243



The solution is further acidified hy more hydrolysis reactions:

Fe(OE* + H0 — TFelOHy" + H' {47
and Fe3* + Ho0 - Te(OHP+ + H {4.8)

Magnetite (Fez(4) and rust (FeQ.0H), which are the two major corrosien
products, are formed from the complex ionic species produced in-reactions
{4.7) and (4.8);

PO + Fe™ + HO — Fe0, + 6H" (49
and Fe(OH)* + OH - FeQ.0H + H0 (4.10)

Corrosion products develap and rise over the corroding site and its
surroundings, forming a layer or incrustation which further isolates the
environment within the anedic site from the bulk electrolyte. When this eccurs,
the corrosion process is hindered, and in the case of coated systems, results in an
increase in Ry,

As mentioned previously MnS inclusions are strongly cathodic relative to
the free metal, and therefore provide idea) nucleation sites for rusting(a00},
Besides, manganese sulphide is also susceptible to attack by an acid
environment, producing S% and HS . Thus, the increasing acidity promoted by
reactions (4.8), (4.9), and (4.10) allows the formation of 52 and HS-ions which in
turn contribute to further dissolution ef iren, since they decresse the acfivation

polarization for this latier reaction'®

. The increased acidity can also cause the
reduction of hydrogen ions by electrons originating from the oxidation reactions.
Oceasionally hydropgen evoluticn can lead to the breaking of the erust of corrosion
product.

Inelngions of MnS were not detected separately on the low-zalloy steels
substrate, This does not mean that they are not present, but censidering the
number of analysis made, if they happen to exist on this type of steel, they are

only present in a very minute quantities. Various other types of inclusions were

however found on those particular steel, such ss silica, alumina, or other gxide
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types, for example titanium cxide. These were in many cases associated with
MnS inclusions, and penerally corresponded to a mixture of the elements Ti,

Mn, Cu, 5, Al, Si and Cr, it indicates that on this steel the inclusions were

mainly cumposed of oxides, silicates, or a mixture of oxide-suiphides. Oxide

inclusions are normally known as stag inclusions, and in general consist of 8i0,
and AL, Q,, and MnO"™ When found tegether, MnO and SiQ, formn manganese
silicate. They are not matallic conductors, and therefore cannot act as local
cathodes in corrosion cells. However, they affect the corrosion properties of steel
in another way, They prevent the formation of passivating oxide films and alsa
decrease the adhesion of protective coatings'®, This indicates that not only
sulphide type inclusions are responsible for a lower corrosion performance of
. goated systems, although these seem to have a particular detrimental effect. Any
type of inhomogeneity at the surface can also lead to inferior corresion
performance. Thus cleaner steels are thought to result in better performance

whean caated and immersed in corrosive solutions.

4.5 - Summary

In this chapter the long term corrosion behaviour of coated steels under
immersed conditions was presented.

The effect of the substrate type on the corrosion behaviowr of ceated systems
was tested. The substrates consisted of four steels, MS, LAS II, A-36 and 1J5I,
and the systems on the subsirate A-36 produced the lowest corrosion resistance,
whereas the coated LAS II specimens showed superior protection.

Differences in the corrosion behaviour of the various coated substrates
were only detected by long term testing. Tests of long duration were necessary

because the coating resistance was very large st the beginning of the immersion

period.
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The inferior corrosion characteristics of the coated A-36 subsirates were
possibly caused by the larger inhomogeneities content, which consisted mainly of
MnS inclusions, at the surface of this steel. This typc of inclusion is cathodic
relative to free metal, providing nucleation sites for rusting. On the cther hand,
the LAS IT was the ‘cleanest ' among the steels used. The effect of the higher
corrosion property of the substrate LAS II upon the corrosion characteristics of
the coated system was demonstrated by the fact that although a significant
decrease in the coating resistance was obtained after short periods, the whole
coated system exhibited a comparatively good anti-corrasion properties uniil the
test was terminated after 500 days.

Other types of inhomogeneities, oxide or mixed {oxide + sulphide)
inclusions type were associated with the low-alloy steels. Even though these are
not metallic eenductors, they also affect the corrosion properties of coated steels
by decreasing the adhesion of protective coatings.

Localized corrosion was generally observed on the various coated
specimens used. The presence of Na species on top of a corrosion spot indicates
that corrosion was bound to have started at a ‘'weak’ area of the coating, since
the coating used was cationic selective,

The very localized characteristics of the corrosion on the varicus sysiems
tested allowed the blockage of the 'weak’ areas of the coating. Conseguently an
increase in the coating resistance was found after the blockage occurred. This

usually took place after the disappearing of the low frequency faradaic response.
It is likely that mechanical stresses produced by growing corrosion produets may
have enlarged defects initially present in the ceating, Hence, for a given system
coating and substrate, the coating-metal interface most susceptible to corrosion
is bound to itiduce the most rapid decrease in Rp{

The relation between intact and corrpding area of the specimens was
fuumi to affect the impedance response of the system. For coatings with iarge

proportion of protective area relative to the corroding area, the impedance
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response was mainly that of the coating. Increasing the ratio
correding/protective area, however, leads to the appearance of the GDrFﬂEiﬂD
response on the impedance plots, provided that the coating resistance is not tu:::
large, _ o
Delaminatior: around coerroding spots was seen to be caused by.tha
peneration of alkalis. This was supperted by XPS and Aupger Sp.ectrﬂscﬂpy

analysis which detected the presence of hydroxide species on £hose areas.
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CHAPTER 5

THE CCREROSION BEHAVIOUR OF COATED STEELS EXPOSED TO
WET-DRY CYCLES INSIDE CABINET.

5.1 - Introduction

Atmospheric accelerated testing metheds such as salt spray are usually
employed to evaluate the performance of organic coatings on metal substrates in
the laboratory. The outcome of these tests, however, often lack correlation with
paint performance observed in real situations®®, This is particularly true when
industrial atmospheres are of coneern (202.208), The reasons for the low reliability
of the salt spray tests have been attributed to the lack of species found in the
natural atmosphere such as ammonium and sulphate, and to the absence of the
effecta of wet/dry cycling which are not reproduced in the continuous spray
test' 0P Several medifications have been sugpested but most of these also have
been proved inappropriate for testing organic coatings, since they de nol
repraduce the modes of coating failure usually found in long-term atmospherie
expnsurefmm. A solution censisting of 3.25% wi ammeonium sulphate and 0.25%

(203,204,206}

wt sodium chloride was recommended by some authors , and these

wera observed to yield improved correlations with long-ferm outdoor exposures m

(207

industrial envirenments. Timmins suggested that the dilution of the above

mentioned solution would be even more effective. The test procedure adopted by

tzu?}’ also named 'Prohesion’ test, deseribes a philosophy which means

Timmina
protection by adhesion and implies that adhesion failure precedes corrosion, The
test solution used in this test has been reported as providing an approximate

simulation of atmospheric attack on steelt205),
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Cabinet tests with controlled atmosphere are considered very useful and
reliable if what is required from the accelerated test is only a comparison between
varioug substrates. In this case, even if the simulation in the cabinet is not a good
indicator of the atmospheric attack, the test 18 valuable provided that the reanlts
are reproducibie. It was with this alm that the eabinet tests were carried out in

this research.

52 - Experimental

5.2.1 - Specimen preparation

The surface of four steels, MS, LAS II, A-38 a;ni USI, was prepared and
subsequently coated as deseribed in Section 4,2.1, An area of 20 em? was exposed
te the test environment. Dry coating thicknesses of the various apesimens were
measured by means of an Elcometer Minitector thickness gauge and the averages
of nine readinge per panel are given in Table 5.1. Next, the coating was seratched
through to the bare steel (scribe marked) to permit the observation of the extent to
which film breakdown and corrosion would progress from a line of exposed steel,
The seribe mark (X} was done using a sharp and clean scalpel. The aim of this
test was to determine whether the resistance of the organic fim to underentting
differed with the diverse steel substrates used, and also to accelerate the

evaluation of the coating performance on the various substrates.

TABLE 6.1 - Coating thicknesses of specimens exposed Lo Probhesion test.

Specimen Coating thickness (Lm)
MS LAS 11 4-36 USL
1 (26.0£0.5) | {29.B0.2) § (25.5:+0.4) ; {(23.9+0.5)
2 (254£04) | (207205 | (245403 | (240£04)
3 (24.3 £ 0.6) {29.6 & 1.3} (20.0 £ 0.2) (26.7 £ L1)
4 (2022 0.6) | (281208} | (254203 1 (2151 0.6)
5 (247403} | (3l6x10) | (4531 12) § (25.9+08)
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5.22 - FPest method

The test method consisted of exposing the ceated panels to an intermittent
wet/dry cyele corresponding to 1l-hour wet, 1-hour dry in a test cabinet. The test
cabinet (~0.32 =°) comprised a confrol unit, a compressed air supply, and a ealt
solution reservoir. Solenoid valves under the control of a time switeh selected the
wet (salt mist) or the dry (air draught) periods. The feed rate during misting was
approximately 600 ml per hour. For reasons of reproducibility, five specimens of
each substrate were tested. These were arranged argund the periphery of the
cabinet which was heated to 85°C during drying and cooled naturally during
misting. The specimens were wet within 5 minutes from the onset of misting, and
their surfaces were dry at the end of the drying eycle. ‘The solution used was the

{205}

game as used by Lyon and co-workers and consisted of a mixture of 0.35%

(NH,),80, + 0.05% NaCl The test was continued until corrosion had spread over
most of the surface.

A cabizet test with wet and dry cycles whick empiocyed an aggressive
solution simulating the acid rain of Manchester was also carried out. The
simulating solution was 10 times more concentrated than that of Manchester
rain. The aim of this test was to simulate the atmospheric exposure of coated
specimens in the Manchester area or areas of similar atmospheric
aggressiveness and also to confer an accelerated character to the test. The
composition of the artifieial acid rain solution was arrived at after various
analysis of the Mancunian rain by a research group at UMIST®®* This
composition is given in Table 5.2,

The pH of the artificial acid rain solution was adjusted to 8.5 with NaHCO,.
The wet-dry conditions applied in this test consisted of spraying the solution for 2
hours followed by an 1 hour drying perind. The temperature inside cabinet was
maintained at approximately 22° C. The testing duration was 35 days and during
that pericd the corrosion features of the seribed specimens were observed. Four

specimens of each substrate were tested for reasons of reproducibility. In the

250




results section, however, only two specimens of each substrate are presented. The
specimens used were prepared as described in Section 5.2.1, and their respective

dry thicknesses are shown in Table 5.3.

TABLE 5.2 - Composition of Artificial Acid Rain Solation™ ",

! Constituent Concentration, mg Tt
H2504_ fORT) . 11,45
(NI 330, 4890
Na, 80, 3195
HNO, 15,15
NaNO, 21,25
Nall B4.83

TABLE 5.3 - Coating thicknesses of specimens expesed to wet-dry cycles

with artificial acid rain selution.
Specimen Coating thickness [pm) . —1
) M5 LASIT  A-36  USI
51 (9% 8 + 0.8} (25.9%0.8) (20.9+0.3) (225 0.5}
7 (20.6+0.3) (P5.6 +0.3) {21.6=+0.6) (23.3+£0.5)
B (21.1+0.4) 27.0£0.2) {22902 (236 +0.2)
9 | (82506) | (255+03) | (202308 | (215%0.2)
8.3 - Results and Discussion

5.3.1 - Visual observation of specimens exposed to Prohesion test.

The corrosior features of the various scribed speeimens with increasing
exposure Yime to the wet-dry mixed Prohesian tests are shewn in Fipures 5.1 -
5.11. The printing magnification used in these Figures was 1.6X. Although five
specimens of each substrate were used for testing the reproducibility of the
experiment, only the development of corrosion with time on two samples of each

substrate, specimens (1) and (2), will be shewn in this section.
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{e) {d)

Figure 6.1 - Seribed spocimens (1) exposed to cabinet thigh sulphate solution; after 1 day
(a) MS, (b) LAS II, (¢) A-36, and (d) USL.
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Figure 5.2 - Scribed specimens (2} exposed te cabinet (high sulphate solution) after 1 day
{a} BS, (b) LAS LI, (¢} A-36, and (d) USL
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{e) (d3

Figure £.3 - Seribed specimens {1} exposed to cebinet (high sulphate sclution) after 3 days
{a) M3, (b) LAS .0, {c} A-38, and (d) USL.
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{(a) (b

Figure 5.4 - Seribed specimens {2) exposed to eabingt (high sulphate solution) aflar 3 days
{a) MS, (b} LAS I, (¢} A-36, and (d) USL
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— - ——

Figure 5.5 - Scribed specimens (1) expossd ta cabinet (high sulphate solution) atter & days
(a) MS, (b} LAS II, {c} A-36, and {d) LITSL



(c) {d)

Figure 5.6 - Scribed specimens (2) exposed to cabinet (high sulphate solution) after 6 days
{a) M85, {b) LAS I, {c} A-36, and (d) USL
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(] (o)

Figure 5.7 - Scribed specimens (1) exposed to cabinet (high sulphate solution) after 8 days
(n) MS, (h) LASTL, (c) A-86, and (d) TTSL
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{ad (b}

{c) {d)

Figure 5.8 - Scribed specimens (2 exposed to cabinet (high sulphate solution) after 8 days
{a} MS, {b) LAS II, (c) A-26, and (d} USL.
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(c) (d)

Figure 5.9 - Beribed specimens (1) sxposed o cobinet (high sulphate solution) after 10 days
fa) 35, (b) LASII, {c] A-36, and {d) USL
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{c) (d)

Figure 5.10 - Scribed specimens (2) exposed to cabinet (high sulphate solution} after ]‘ﬂ days
{a) M3, (b} LAS II, {¢) A-36, and (d) USL

ol
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After 1 day exposure in the cabinet, undercutting and delamination at the
serateh were already seen on the coated MS and LAS I ateels. On t}ia other hand,
-only slight undercutting at the scratch was produced by the two other steels, A-36
and USI, Figures 5.1 and 5.2. In the following days, the difference in performance
of the coated E}';Eitﬁm was even more pronounced, Figures 5.3 - 6.10.

After 10 days exposure to the wet-dry cycle, one specimen of each substrate
was removad from cabinet and stored in desiccator over silica gel for subsequent
XPS analysis. The results are presented in the next section. At that time the
eoating on the specimens corresponding to the substrates MS and LAS II had
lifted from the substrate at the areas surrounding the scribe mark and large
volumes of liguid had accumulated undermeath the coating. The adhesion in the
area surrounding the scribe was completely lost, The other coated A-36 and USI
specimens Temained in the cabinet for 5 additional days and their cerrosion
features at the end of that period are shown in Figure 5.1L.

* From the Figures shown earlier it can be gaid that the use of the scribe
mark (X) to evaluate the performance of the coating on the different steel
substrates may have been a foo severe test iz the aggressive atmosphere vsed
since most of the paint coating deteriorated rapidly after a week's test. Extensive
corrosion of the underlying steel at the scribed mark was apparent in all the
cases. Table 5.2 summarises the general observations related to each coated
substrate after 10 days exposure.

It is evident from the previcous Figures and Table 5.2 that the modes of
degradation produced were similar in the cases of the steels MS and LAS II, but
the deterioration characteristics of these specimens showed some differences
from the t*:n.fq other steels used, A-36 and USI. The degree of delamination on the
specimens corresponding to the steeis M3 and LAS II was much larger than for
the steels A-36 and USI. One possible explanation for the improved corrosion
performance of the A-36 and USI steels in terms of degree of delamination is that

the cathodie reaction on these latter steels could have occurred on the exposed
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metal at the scrateh. The larger content of inclusions of MnS or mixed, MnS +
oxide, in these steels, A-35 and USI, might be responsible for this result, since
these types of inclusions would favour the cathedic reaction on their surface.

Another reason for the large variation in delamination could be that nature
of the rust layers formed. The corresion product on A-36 and UST steels was
observed to be more firmly attached to the substrate than the rust layer on the two
other steels, M5 and LAS II, A more adherent corrosion product would also tend
to resist and stifie further corrosion. The differences among the steels were aven
more significant for longer exposure times. This is demonstrated by the corresion
features of the various specimens for times corresponding to 8 and 10 days. The
retardation of the corrosion process probably ococurs "unl}r when the rust formed
becomes sufficiently thick and therefore acts as an effective barrier.

Heavy blistering was observed in the case of the steels MS and LAS IL. It is
believed that the rust on these two latter steels was more porous permitting the
passage of moisture and aggressive species, and thus keepinp the metal surface
wet for a longer time. In fact in the case of the steels, MS and LAS II, solution
was observed to accumulate enderneath the coating causing the lift-off of the
paint. Therefore, the superior corrosion characteristics of the steels A-36 and
USI, were caused by either the location of the cathodic reaction at the scrateh or
the nen-pornsity and the higher adhesion of their corresion products to the
substrate thuos providing some protection by impeding the ingress of the

aggregsive species to the metal substrate.

263



TABLE 5.2 - Modes of degradation exhibited by the various scribed specimens after i0days
exposure to hiph sulphate salution n welldey cycle test

Substrate {Observetions

- ‘ - r
MS Substantia! blistering and heavy

corrasion at scratch

LAST Suhstantial blistering and heavy
corresion ot seratch

A.36 Undercutting at scratch; filiform attack;

adherent corrosion prodact

1rer Undercutting at scratch; Gliferm attack;

adherent corrosion product

The nature of the corrosion produets formed is also likely to influence the
physical delamination of the coating adjacent to the damaped reg‘lnnsmlm. After a
certain amount of rust is formed, the cathodic reduction of oxygen is shified to the
surrounding area of the rust deposit. The access of oxygen to the reaction site
where it is reduced is restricted at the areas covered by the rust layer but it can
gasily reach the rust-free surface. Consequently a differential oxygen
concentration cell is established, and a highly alkaline electrolyte is generated in
the surrounding cathodic areas at the coating-steel interface, The high I;H of the
electrolyte at the interface, values above 12 were found in a sodinm chloride
environment, leads to delamination of the cuatingmm. This process is known as
eathodic delamination or dishonding. The driving force for cathodic delamiration
is provided by the separation of the anedic and cathodic half-reactions under the
coating. In the cathodic delamination process the failure of the coating/substrate
bond is assumed to be caused by the hydroxyl ions formed at the .surrﬂunding
regions of the defective areas. i

Varions explanations have been given to the effect of a high pH on the

. 9 . . ] . .
interface!' ™47 72 pitter and KJ:'ugq':r(*‘mI using ellipsometric techniques found
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experimental evidence for the attack of the oxide as the cause for delamination.
Dickie and co-workers" ™ assumed that the attack of the polymer by the s.i.;rung
alkaline environment was the reason for the failure of the bond between the
coating and the substrate. Their experimenta! evidence was the presence of
carboxylated species at the interface which was detected by surface analysis
techniques. Koehler"? however, believes that the dishonding process oceurs as a
result of the displacement of the coating by a high pH aquecus film formed at the

interface. Leidheiser'*”

proposed that the solubilization of the thin oxide fillm at -
the interface is the chief mechanism for the process of delamination, According o
his hypothesis, the dissolution of the oxide leads te the breakage of the
coating/substrate hond, and subsequently the high pI:I causes the localized attack
of the polymer at the interface. :

Delamination was observed for all the ceated substrates at the areas
surrounding the corroding exposed metal, In the case of the coating used in this
work, delamination may oceur as a consequence of the sapnniﬁnaﬁon of reactive
ester groups present in the ceating resin, causing the breakage of the adhesive
bond cuating—substrate{zm . 1t 15 also possible that the other mechanisms preposed
above might have ar effect on the process of delamination. The degree of
delamination as indicated by this work seemed to be dependent on the nature of
the steel surface. The largest degree of delamination was produced by the
specimens corresponding to the M3 steel subatrate, while the steel USI exhibited
optimum cathedic delamination resistance. Since tke delamination is caused by
the produetion of OH as a reault of the cathoedie reaction H,Q + /20, + 2¢” — 20H,
the reactants, water, oxygen, electrons and counter ion cations must reach the
reaction site>". The electrons teach the reaction site through the oxide film or
any other heterogeneities on the metal surface. Thue, any poor elgctronic
conductor film at the surface can limit the access of electrone to the

reaction site“ﬂ.
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The degree of disbonding for the varions coated steels increased in the
foliowing order: USI, A-86, LAS II, and MS§, as can be seen in Figures 5.7 - 5.10. Tt
ie noted in Figures 5.9 and §.10 that the steels A-36 and TSI produced higher
resistance {o delamination at the regions away from the scratched arcas than the
steels MS and LAS II. Besides the probable ¢guges mentioned previcusly in thig
chapter, another possible reason for the larger resistance to delamination found
for the USI steel might have been the presence of a large content of oxide
incelusiong at the interface, which sre poor electronic conductor and might have
hindered the aceess of electrons 1o Lthe reaction site. The blocking of the scratch
Hne by more adherent corrosion products, in the ecage of the steels A-36 and USI,
may also have affected the subsequent delamination process, because the lateral
diffusion of water and oxygen to the reaction site is hindered in this case.

If the steels produced by the same marufacturer are considered as a group,
that is, if the steel MS is compared te the steel LAS II, and the steel A-36 is
compared to the steel USI, it can be noted that the low-alloy steals in each group, |
UUSI and LAS TI, produced more dense, compact and adherent rust layers, and
lesee delamination than their corresponding carbon steels, A-36 and MS. This 15
indicated by Figures 5.9 and 5.10. Thus it szems that less damage and the
tendency te rupture is dirninished on the low-alloy steels in each group.

Filiform corrosion was commonly observed on the A-36 and USI steels in
the region of the seribe, Figure 5.11. Filiform ecorrosion is 8 form of underfilm
corrosion which generally ocours in humid environments, For it to take place
some conditions must be fulfilled. These are®¥: (1) high humidity {(65-95%), (2)
coating permeable to water, and (3) presence of defects in the coating. It is also
stimulated in the presence of impurities such as sulphur dioxide. The conditions
above were met in the Prohesion tesl adopted in this work. Filiform corrosion has
been found to be promoted by maintaining the apecimens at a relative humidity in
the range 70-85% ‘after seratching through the ecoating to the metallic
substrate'*™,
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Fipure 5.11 - Scribed specimens exposed in cabinet thigh sulphate solution) for lE!dEI.}FS
(a) A-36{1}, (h) USL1), (e} A-36(2), and (d) USI(2}.
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Studies on the character of filiform corresion on steel'®*2’ have observed a
pH of approximately 1 at the leading edge of the filament, and a pH of 3 to 4
corresponding te the liguid immediately behind the leading edge. It is worthy
mentioning that pH's of this order are expected on the basis of hydrolysis of
Fe™ ions. ,

When the steels A-36 and USI are compared, it can be said that the
specimens corresponding to the substrate USI showed better corresion
characteristics than the ones shown by the A-36 steel. This is demonstrated by a
relatively more adherent corrosion product for the seribed USI steels compared
with that found on the A-36 specimens. In addition, larger volumes of liguid
accumated on thizs latter steel than on USI and consequently this regulted in the
lifting of the coating. However, because more adherent corrosion products were
formed en the TSI steels, the corresion reaction was slowed down by thucking off
the access of ageressive species to the underlying surface.

The results above are supported by XPS analysis presented in the next

section.

£.3.2 - XP= analysis of specimens exposed to Prohesion test.

XPS analysis was carried eut on four seribed specimens, one of each
substrate, exposed to the mixture 0.35% (NH),50, + 0.05% NaCl inside cabinet
with wet-dry cycle. The specimens corresponding to the substrates MS and TSI
were removed from the cabinet after 10 days exposure, but the cther two, A-36 and
USI remained for an additional five days. After removal from cabinet, ali
specimens were stored in desiceator over silica gel until the time of analysis. The
coating was then peeied off next to the scribed region, and XP3 E;nalysis was
carried out at the coating interface. The element compesition (Atomic %) :]htaiuad

for each of the specimen analysed is shown in Table 5.4.
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TARLE 5.4 - Element composition obtained hy XPS analysis on the conting interface

of the various tested specimens
Subsirate Element {% Atomic)
Fe 0 ¢ Na £l g N
MS 15.0 404 250 2.0 ! 4,7 33
LAS I 26.6 50,1 19.0 0.R 0.5 1.7 13
A-38 13.4 £3.5 19.0 1.0 0.9 2.0 0.3
| ESl 24,3 458 20,6 0.4 o

From the above Table it is evident that the corrosive species, (Cl, B, and NJ,
were not detected in the interface areas of the substrate USI, On the ¢ther hand,
the largest contents of these elements were found in th;a interface region of the MS
steels. [t should be added that the coated system of this latter steel was also the
first to exhibit deterioration of the coating and underlying steel. It is probable that
the corrosive species present in the agpressive environment diffizsed easily in the
case of the systems for which the coating was readily lifted. The largest Na
concentration was alse preduced by the coated gystem of the MS steel and this
might have been associated with the formation of sodium hydroxide species
leading to the extensive delamination observed.

Fipgure 5.12 shows the XP3 spectrum relative to O 1s at the coating interface
of the four steels analysed. It car: be seen that the O 1s spectrum corresponding to
the USI substrate shows larger concentration of oxide oxygen species, 0%, in
comparison to the hydroxyl oxygen species OH . However, for the other substrates
the proportien of OH was higher than that of o species, and thiz proportion
seemed to have inereased in the following erder: A-36, LAS II, and MS. This
indicates that the OH™ coneentration in the ceating interface seems to be directly
related to the corrosion characteristics of the system. In fact the specimers which

| showed larger delamination and large volumes of liguid accumulated at the
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interface were also the ones which produced the highest preportion of OB species

in the coating interface,
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Figure 5,12 - Q 13 XPS Spectrum detected on the coating interface of the four steels studied.

5.3.3 - Specimens exposed to wet-dry cyeles with artificial acid rain solution

The scribed specimens tested in the artificial acid rain were maintained
inside the cabinet for 35 days. The develepment of corrosion features on the
various specimens used was followed with time, and at the end of the testing
peried-(35 days) the corrosion characteristics around the specimens 6 and 7 were
as shown in Figures 5.13 and 5.14. The printing magnification used&in these

Figures was 1.9X,
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{c) {d)
Fipure 5.13 - Seribed specimens (6) exposed to artifica) acid rain after 35 days
{a) MS, (b) LAS I, (c) A-36, and (4} USI.
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{c} . {d)
Figure 5.14 - Seribed specimens (7) exposed to artificial acd rain after 35 days
{(a} M8, (b} LAS I, {c} A-36, and {d) TUSL
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From these Figures it is evident that similar corrosion features developed
"around the scribe marlk of the coating on the various steel substrates used. The
eorrosion characteristics corresponded to blisters beside the seribe filled with
black and/or brown loose cerrosion products and volumes of liqﬁi;l. Rust had
probably formed at the scribed. or exposed area of the metal substrate. The coating
surrounding the scribed area had heen delaminated either by the direct action of
the hydroxyl ions produced by the cathodic reaction or by saponification reactions.
Duae the Jarge area of unprotected metal at the seribe, it is probable that the
membrane of hydrated oxide corrosion product covering it is either discontinuous
or kas not enough mechanical strength %o resist the osmotic pressure{s'ﬂ. In this
case the rnst formation has a dynamie character congisting of eontinugus
rupture and healing processes. Since the rust :fnrmed at the seribe is not
continuous or is broken periodically, corrosive species can easily diffnse
underneath the coating leading to the spread of corrosion ta the adjacent areas of
the scribe. The oxygen cathodic reaction with generation of alkali is then
dislodged to further areas and conseguently cathedie disbendment is spread to
more distant areas from the scribe. The cathodic disbonded areas surrounding
the rusted ones are well defined in Figures §.13 and 5.14.

The significant observation of this experiment was that the various steels
tested could not he differentiated throughout the whole testing pericd under the
conditions used. This proves that the conditions of an accelerated test are of major
impertance in ranking different coated substrates with relation to their corrosion
properiies.

1'he main difference between the two tests carried out in the cabinet was the
chemical nature of the environment. The compositien of the solutions differed
with respect to ion concentration and pil., In the Prohesion test the medivm had
an ionic concentration of approximaiely 0.4% wt and a pEl of around B.6: whereas
for the artificial acid rain solution the concentration of iens was nearly 0.023%

and the pH was approximately 3.5. Considering that during the dry cycle the
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concentration of iona of the two media becomes concentrated and at the saturation
point eventnally achieve a similar concentration, it seems that the difference m
the ienic concentration between both enviroments could not have significantly
influenced the results chtained. On the other hand, the distinet pHs of the two .
atmaespheres, one corresponding to-a nearly neutral medium and the other being
of an acidic nature, could account for the different type of response produced.

It is possible that in the acidic environment used, the sulphide inclusions
were dissolved more rapidly than in neutral media. As a consequence of this
attaek, the inclusions play an insignificant role on the overall eorrosion of the
steel substrate, Therefore, the steels used exhibited similar corrosion behaviour.
The substantial cathodic delamination observed indicated that oxygen reduction

L]
-y

might have been the dominant cathodic reaction.

5.4 - General Discussion

The steels substrates which showed similar deterioration features of their
scribed systems included the two types of steels used, that is, mild steel and low-
alloy steel types. The ones which presented more adherent corresion products and
lower degree of delamination were the A-36 steel and USI steel. The other two
steels, M5 and LAS II, produced large delamination and aceumulation of
solution at their interface. Thus, the type of steel can not be made responsible for
the differences found in the corresion features of the various coated substrates.
Alse the surface condition can be eliminated as the cause of the inferior corrosion
behaviour of the steels MS and LAS IT relatively to the A-36 steel and USI steel,
since A similar surface finishing, {1200 pm), was adopted for all the steels.

The common characteristic of the specimens showing the same kind of
deterioration was their larger heterogeneities content at the surface. As

mentioned previously in this chapter, for the stecls with more inclusions, the
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cathodic reaction was facilitated on the uncovered metal at the serateh due to the
MnS or MnS + oxide inclusions exposed at the scribe. If this cccurred; less
cathodic delamination at the surrounding areas of the seribe would result. A
second probable explanation for the results obtained is that the hetercgeneities at
the steel surface might have contributed to the formation of more adherent
corrosion products at the ceating-substrate interface. In this situation, the anodie
reaction wouid have been hindered by the bleckage of the exposed metal by
depesited corrosion products which eould have isclated the metal substrate from
the environment. The 'biocking' of the anodic reaction weuld in turn limit the
cathodic reaction. Thus, the above resuits indicated that the larger content of
heterogeneities at the surface of some steels was beneficial for improving the
corrosion characteristics of the systems tested i this relatively apgressive
MATNET. |

The properties of the rust are of great importance in determining the
efficiency of the protective coating. Adherent rust reduces the attack on the base
metal whereas loose rust exposes fresh metal far further attack. The rust formed
initially is non-protective until it becomes sufficiently thick to reduce additional
attack. It should be noted that no significant differences were found among the
various coated substrates in the first days of exposure.

If steels produced by the same manufacturer are considered, the low-alloy
steels showed slightly improved corrosion characteristics compared to the mild
steels in each set. Although the corresion mechanism for low-alloy steels and
mild steels is believed to be similar, the rust on the low-alloy steels forms a more
dense and compact la:.rer{zm. The relatively more adherent and compact layer
formed on the low-alloy steels retards the anodic reaction by limiting the supply of
water and corrosion stimulating iens to the steel surface. In1addition, the
corrosion rate might then be further decreased due to the increased e‘l&ctru]yti{: ¢

registance of the corrosion products.
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Ameng the added alloying clements in the low-alloy steels, copper has been
assumed to be responsible for the most pronounced effect in decreasing the
corrosien rate. The beneficial effects of alloying eiements, mainly eopper, on the
characteristics of the rusting formed on the low-alioy steels, weathering type have
been explained by various mechanisms'>*2317} Cupaanqalm proposed that some
alloying addition elements to iron lead to the slowing down of the rate of rusting by
the formation of insoluble campounds which inhibit cell action, either by bloexing
the pits even under acidic conditions, or by binding the rust more clesely and
consequently creating an impervious protective covering on the iron surface.

Okada'®'¥ showed that an optically isotropic layer, consisting mainiy of
amorphous spinel type oxide, covers completely the surface of the weathering
steels and prevenis water penetration. In the case of the mild steels the major
constituent of the rust layer was found to be TeQOH. On the uth&r’han-:‘l, HBuzuki

¥ agsociated the beneficial effect of eopper addition to the

and co-workers' -
aggregating state of the rust layer, It was assumed that copper inhibits the
growth of primary colloidal particle whick has an effect on the properties of rust
and consequently this would increase the protective ability of the rust layers.

Misawa and collaborators'<15:216

concluded that Cu and P are concentrated
at the metallic surface of the low-alloy steels and have a catalytic effect on the
transformation of Fe(ll) complexes to ‘he amorphous ferric oxyhydroxide,
FeQ,(OH); ;,. They demonstrated that the amorphous phase formed on low-alloy
steels is compaet and uniform and acts as a protective barrier against
atmospheric corrosion. Other workers believe®**'? that for the formation of the
protective corrosion layer (patina) on the low-alloy steels, a eyclical variation
between wet and dry periods is necessary, Stratmann and cq-wurkersm”}

suggested that the effect of copper upon the atmospheric corrosion of iron is
]

limited to the period of drying cut of the rust layer.
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5.5 - Summary

The modes of degradation of four steels after their coating has been scribed
was investigated by exposure inside a cabinet under controlled atmespheric
conditions and using wet and dry cycles.

Ior the Prohesion tests two main types of deterioration were ohserved and

these seemed to be associated with two sets of steels, with each set emanating

from the same manufaeturer. Each set included one type of steel, one low-alloy
and the other mild steel. Thus, the similarities in the corresion deterioration
cbserved for the eteels which originated from the same producer, indicated that
the characteristics of the surfaces of these steels and not their composition is
.related to their corrosion behaviour. The steels A-36 and USI preduced less degree
of delamination and moere adherent corrosion produc‘ts than the steels MS and
LAS II, The two latter steels had 'cleaner’ and brighter surfaces which might
have resulted in the lower-corrosion performance ohserved upen exposure.

The anti-corrosian properties of the coated steels observed in the Prohesion
test improved in the following order: M3 < LAS IT « A-36 < USI, Large disbonding
was produced by the first two steels, and the substrate USI was the one to show
improeved disbonding performance, The cathodie reaction might have oecurred at
the scratched areas or the resnltant adherent rust layer might have hindered the
access of corrosive apecies to the eorroding surface, leading to a slower corrosion
rate. The ranking above was confirmed by XPE analysis, the minimum content of
ageressive ions being detected at the interface layer corresponding to the steel
USI, and the largest eontent was found for the MS substrata.

Small differences were found between the mild steel ard the low-alloy steel
types provided by the same manufacturer. Considering the steels manufactured
by the same producer as a set, the low-alloy steel type of each set produced slightly
improved corresion perfermance than its mild steel match, The improved

performance of low-alloy steels, weathering types, is generally correlated with the
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addition of some alloying elements, mainly copper, which acts as a stimalator in
the formation of more protective rust layers.

Although clear differences were found in the corrosion deterioration of the
steels psed in the Prohesion tests, no distinction was seen when the same steels
were tested in the artificial acid rain solution. This finding is a clear evidence of
the importance of the speeific conditions used in ranking coated systems in terms

of their eorrosion characteristice.
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CHAPTER §

GENERAL DISCUSSION

6.1 - Introduction

In the previous chapters the corrosion behaviour of four steels with minor
compositional differences was studied under various testing conditions. The work
examined hare surfaces and coated subsirates under immersed conditions, and
coated and seribed specimens exposed to controiled atmosphere inside a cabinet
with wet and dry cycles. The corresion resistance characteristics of the various
steels aralysed, coated or uncoated, were found to he' dependent on the conditions
of the test. '

The steels which exhihited higher corresion resistance either bare or coated
and under immersed conditions were the same to display a larger degree of
deterioration when exposed to wet and dry eycles inside a cabinet in the Prohesion
test. However, a direct cerrelation seemed to exist between the corrosion
resistance behaviour of the bare steel surfaces under immersion and the anti-
corrosion properties of the same steels when coated and immersed in sodinm
chloride solution.

In the immersion tests, the steels with lower inclusions content, or
‘'cleaner’ surfaces, showed slightly higher corrosion resistance and their coated
syster had a relatively lonper life. Thus, it is supposed that thers is a
relationship between the ‘cleanliness’ of the steel and its corrosion characteristics
when immersed in newtral solution, eithar bare or coated. On the -::-the:; hand, for
the tests inside a cabinet with wet and dry cycles, the coated and scribed
specimens which showed the least deterioration of the systemr also produced more

adherent corrosion products in the Prohesion test. It should be added that these
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steels had a larger content of heterogeneities. Contrary to the results of the other
tests, the high heterogeneities content of these steels seemed to have coniributed to
an improved corrosion performance, Thus, the results obtained in this work
indicate that the characteristics of the surface, especially the inclusions content,
affect the corrosion performance of the various steels used, and this was sbserved
under almost all the testing conditiens. The only exception was the cabinet test
which used artificial acid rain solution as the aggressive environment. In t:hi_s

latter test, no distinctior was found smenp the various steel substrates analysed.

6.2 - Effect of minor alloying elements on the corrosion behaviour of
bare and coated steels - A hypothesis

6.2.1 «- Bare steel surfaces under immersed conditions

The electrochemical behaviour of bare steel surfaces did not show marked
differences when the varicus steels were tested in neutral and aerated solutions
and under low polarization conditions. This resuit agrees favourably with work
reported in the litere;ture which states that the corrosion reaction rate of many
metals immersed in neutral and aerated solutions is mainly controlled by the
diffusion of oxypgen to the metal surface. Under these conditions, the composition
of the sieel is not expected to affect sipnificant!y the ¢orrosion rate. For the steels
used in this research, two types of rate control were observed for the corresion
reaction. These were diffusion or mixed (diffusion+activation) control. This
supgests that for all the steels tested under the conditions stated above, the
diffusion of oxygen to the metal interfice always had a significant effect on the
rate of the corrosion process.

Howéver, it was observed that steels originating from different.
mantufacturers exhibited slight variation in the type of rate control for the

corrosien reaction. For instance, a mixed control was operative for the steels MS,
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LAS T and LAS II, whereas for the other steels, A-36 and USI a diffusion cnﬁtrul
was predominant.

A possible cause for the difference in reaction contral could he the content of
heterogeneities, inclusions, at the surface of the steel. The steels with larger
inclusions content at the surface corroded slightly faster and therefore required
more oxygen for the cathodic reaction. This cou.d have been the cause for the
diffusian control shown by these steels. No significant differences were, however,
noticed in the type of corrosion control of the steels produced by the same
manufacturer, Thus, the content of heterogeneities in the steel is believed to affect

the corresion characteristics abserved,
6.2.2 - Coated specimens under immersed conditions

The explanation given to account for the anti-corrosive properties of coated
specimens, under immersed conditions, was that oxide er sulphide inclusions
might have participated in the electrochemical reactions accurriﬁg on the metal
surface and consequently contributad. to the phenomaneon of underfilm corresion.

A model is propesed for the development of corresion under immersion
conditions for the coated steels used in this work. This model is shown
schematically in Fipures 6.1 to 6,4,

The following steps are believed to occur during the corrosion of coated
steels under immersed conditions,

Initially, water and oxygen permeate through the costing. For high
resistance coatings, it is suppoesed that during the early stages of immersion no
sigmificant diffusion of ionic species oceurs, Figure 6.1 (a) and (b).

What oecurs next dependsg mainly on the coating characteristics, There are

two possible developments. These are;

(1) If the coating has a closely packed structure, free of defects or pinholes,

water and oxygen diffuse through the coating and arrive at the interface. It is
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postuiated that the presence of small quantifies of water at the interface can
support passivation, Figure 6.1 {c). It has been reported in the literature thet the
arrival of water in small quantities at the coating-gxide intecface can sustain
passivation by acting as oxygen donors**, Other work fourd in the literature™®2>
snggests that the first water surface iayers at the interface are tightly bound to the
surface hydroxyl groups which are the result of the hydration of the. outermost
surface oxygen of the oxide layer, A probable passivation process aided by water
was alse indicated in this work by the movement of corrosion potential towards
more positive values in the initial period of immersion, that is, before corrosion
was seen on the surface. The high positive values were generally maintainad
unii! generalized corrgsion started to spread over the surface.

However, 1f the amount of water at the interface exceeds the amount
necessary to support passivation, it can cause the dissolution of the oxide at the
interface and induce corrosion, Figure 6.1 (d) and (g). Corrosion is easily initiated
at the boundary regiens between metal matrix and non-metallic inclusions which
act as microgalvanic cells, Figure 6.1 (f}.

Two main types of inclusiona were found in the steels vsed in this
researcn, oxide and manganese sulphide types. Loca: dissolution of the oxide
layer 18 sustained by the presence of the siiphide inclusions which act as effective
cathodic sites, Figure 6.2 (a). The metal is then attacked preferentially since in
carbon steels the sulphide inclusions are wusually more noble than the
surrounding matrix' 2%, figure 6.2 (b). If should be added that dissoluetion of the
swphide may also occur. The solubility of sulplnde inclugions have been reported
as sufficient high{zum, even in neutral water, to give a significant concentratien of
HS™ ions which will further accelerute the corrosion reaction. Alse the boundary
region between the oxide film and the oxide inclusions corresponds t{; iregions of
irregularities at the surface where the adhesion of the coating is decreased. At

these 'free' regions water can accumulate ard cause the dissolution of the oxide
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film. Subsequently corrosion can start at the areas of exposed metal, Figure 6.2
(¢} and (d).

The corrosion process causes the consumption of its precursors, water and
oxygen, and consequently the concentration of these species decreases at the
interface, If these are not replenished at a reasonabie rate due to the barrier
characteristic of the coating, water is not ailowed to accumuiate at the interface
in quantities enough to sustain corrosion. Corrosion in then limited to the initial
areas, and the deposition of corrosien products on these areas hinders further
access of corrosive species to the underlying metal, Figure 6.3 (a) and (b).
Eventnally corrosion stops. Alse, the cathodic reaction in these cases is restricted
to a very small area surrounding the corroding spot, since it is sustained by the
anodic reaction which in this situation decreases with tirme. On the other hand, if
due to a less protective character of the coating water and exygen are restored at
the surface, corrosion is sustained and the corrosion product formed can be
voluminous. If this occurs the corrosion product can exert a mechanical stress on
the adhesive forces at the coating-substrate interfaee, and consequently lifts off
the coating. Onca the coating is lifted, water can accumulate at the interface and
zorrosion can continue, Also, if the crust formed on top of the corroding spot
which isolates the environment from the corroding metal is broken periodically,
corrosive species are allowed to have access to the metallic sebstrate and
corrosion can proceed, Figures 6.3 (¢} and. {d). Since the dissolution process
concurrenily sustains the cathodic reaction, the peneration of alkali will affect

.adversely the adhesive bonds at the coating-substrate interface leading to further

loss of adhesion,

{2) If defects, pores, or 'weak' areas corresponding te free volume regions
are present in the coating, or ere developed during exposure time, then corrosive |
species will have easy access to the underlying metal, Figure 6.4 (a). Water

reaching the substrate at these regions initially dissolves the cxide film and tken
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corredes the metal, The corrosion of the substrate is stimulated as a result of the
bare metal exposed lecally at the coating defect leading to localized corrosion. In-
this work, lecalized corrosion was generally observed in the form of black and
brown corrosion spots for the coated and immersed steels. Dissolution of the oxide
at the interface usually precedes corrosion, Figure 8.4 (b}, This causes the
breakage of the bond between coating and metal oxide, and the high pH generated
by the cathedic reaction leads to lecalized atiack of the polymer. Disbonded areas
were generally observed around lecalized corrosion spots. The separation of the
anodic and cathodic corresion half-reactions provides regions which are subject
to a driving force similar to externally applied cathodie potentials.
The corresion reaction under the coating involves a cathodic reaction,

generally:

H0 + 120, + 2% ~  20H 6.1)

Thus H,O and O, are required at the interface and also ionic species that

provide sufficient conductivity at the interfacial region to permit separation of the
anodic and cathodic regions.

At the anodic area, the metal corrodes according to:

Fe — Fe** 4+ 9 (6.2)

The small volumes of liguid involved in the early stages of corrosion leads to
very high and low values of pH at the cathodic areas and anodic areas,
respectively.

| If the interfacial bond of the ceating-metal oxide does not deteriorate at
areas distant from the correding spot, corrosion is restricted to the 'defective’ area
leading to localized corrgsion. The hydroxyl ions generated by the reaction (6.1}
diffuse inwards and react with the iren ions produced by reaction (6.2) and
diffusing outwards. The deposition of inseluble corrosion preducts around the

void or localized corroding areca follows. Corrosion products develop and rise over
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the corroding area and its surroundings forming a layer or incrustation which
isolates the environment within the cavity from the bulk electrolyte, This
subsequently retards the diffusion of corrosive species, and once the defective area
has heen blocked by insoluble corresion product, corrosion in many cases can
stop, Figure 6.4 (c). ,
The propagation of corrosion to areas away from the defective zone,
however, depends on the characteristics of the system. For systems with highl:_t,r
protective corresion properties, corrosion is limited to the defective area and the
deposition of corrcsion product blocks the defect or 'pore’ without causing
significant lifting of the coating, This explaing why in certain cases an increase
in the coating resistance was measured after the onset of localized corrosion, Thig
situation can be maintained for long times in the case of resistant c:(:;atings, uniil
corrosion is allowed to start on other areas of the specimen. |
In the case of systems with lower corresion resistance characteristies the
bond at the coating-substrate interface is disturbed and this results in the Lifting
off of the coating, Figure 6.4 (d). Since water can easily be replenished at these
areas of the interface it forms a layer which can sustain corrosion. Once water
has accumulated en larpe areas of the surface the corrosion characteristics of the
subsirate are supposed t¢ have a significant effect on the anti-corrosion properties
of the system. The boundary regions between inclusions and metallic matrix are
the likely regions for corrosion initiation due to a micregalvanic effect. Inclusiens
can also affect the movement of water through a capillary or pore which is easier
urnder the influence of a potential gradient, by electroendosmosis‘®®?’,
| Consequently, galvanic couples at the interface may lead to a blister. In the
blistered area, coating has lost its adherence and water may accumulate allowing
generalized corrosion to start.
Thus it is believed that the presence of imperfections or heterogengitias' at

the interface, such as inclusiors, segregaies or precipitates, associated with 'non-

perfect' coatings can act as additional corrosion promoters. Galvanic cells are set-
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up between the heterogeneity and the steel base. These cells are sufficient to
activate the corrosion process as soon as the corrosive species reach the interface,
MnS type inclusions which are cathedic relatively to bare metal can provide ideal
nucleation sites for rusting. These when attacked by an acidic envirenment,
produce HS™ angd S* which in turn promote a faster disselution rate of iron by
decreasing its activation pularizatiun{a}. Inereasing acidity caused by hydrolysis
reactions, leads to the reduction of hydrogen ions by electrons originating frnm.‘
the oxidation reactions. The evolution of hydregen can occasionally canse the
breaking of the crust of corrosion product. If this occurs, further corrpsion is
possible.

Summarizing, a correlation seemed fo exist between the corrosien
" resistance of the bare steels and their corrosion performance when ‘coated and
immersed in selution of 3.5% wi Nall. The bare steels which had relatively
higher corrosion resistance produced coated systems with longer proteciive lifes.
On the other hand, bare steels which had relatively lower corresion resistance
produced coating systems with inferior quality. The 'cleanliness’ of the steel is
thus proposed as the prohable cause for the differences found in the corrosion
performanee of hoth ceated systems,

The part of the model refering to the interaction of water at the interface
substrate.coating, Figure 6.1 (c) and (d} is a modified version of the model

{

proposed by Funke®®. In the model proposed in this work, however, the

inclusions at the surface are considerad,
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1) For coalings with a closely packed structure, and free of defects or pmholea
1.1) Permeation stage

{g) initialy water and oxypen permesate through the coating.
(1) water and oxypen arrive at tho interface.

HO o, HP o HO o,

{a) (b}

1.2) Interaction of water at the interface

{c) at low contents water may suppart passivation, ory
{d) nt larger water concentrations lifting of the coating may occur s p result of blistering.
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1.3) Initiation of corrosion
After the coating has lified from subsirate;
{e) watcr can accumulate at the interfoce and dissolve the oxide layer;

{f) corrosion is ther started.
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Fipura 6.1 - Schematic representation of proposed model for the initiation of corrosion of coated

metals under immersed conditions.
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The interfarial regions between inclusions and substrate are moare susceptibio to the

initiation of corrosion,

IN THE CASE OF SULPHIDE INCLUSIONS
The metal matrix surrounding the inclusion dissolves preferentinlly due to a
microgalvanic effect where the sulphide inclusions are cathodic relatively to the surrounding
metnl, '

AN N

IN THE CASE OF OXIDE INCLUSIONS
The adhesion of the coating is impaired at the regions of irregularities at ithe surface,
Waler can accumuiate in the 'free’ spaces at the interface dissolving the air formed oxide film.
Corrosion can then start at the exposed metal around the oxide inclusior,

777

i) )
Fipure 6.2 - Schematic representation of the effeet of inclusions on the fArst stages of corresion for

the madel proposed in this work.
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+ For highly protective systems whose adhesive properties are maintained during the whaole
test period, the corroding site is covered by corrosion products which kinders the access of corvosive
species to the metallic subshrete and corrosion eventually stops.

; Ny
i N i
e » H'Dﬂ'h"’ i' H FeO.OH (brawn rasty_ ]

| Fe 0, (black magnelite) g
o Fe{OH}
e RS PO
CE Lo Oaide layer
NE2 O
e~ Mns £

(a) ' " (b

In the case of coatings whose protective characteristics are graduslly lost during the
duration of test , the continuation of corrasion leads to the formation of yvoluminons corrosion
proeducts which mechanieadly affect the adhesion coating-substrate and cavsing Lift-off.

{c) {d}

Figure 6.8 - Schematie illustration of the propagation of corrosion at areas surrounding

the non-metallic inclusions for the modsal proposed,

289



2) In the case of coatings with defective areas at the beginning of the test or
developed during the immersion period;
(a} water and oxypgen have easy access to the metel substrate through the wesk or defectivn
areas of the coating;
(b} water locally dissolves the air formed oxide Inyer and corrosion then starts,

O34+H.D +227=20H"

L2 Oixide layer Do iiTes

/7111175 i

(a) h)

FOR HIGHLY PROTECTIVE SYSTEMS
Corrosion produrts are deposited on tho defeet or 'weak! spat and block it. The aceess of corrosive
species to the substrate is hindered and due to the highly protective characteristics of the system,
corrosion ig limited to the defective ares. The cathodic reaction is also limited to the areas
surrounding corroding spot, Corrnsion sventually stops.

FOR LESS PROTECTIVE SYSTEMS
The epating #5 lifted from subsirate and water can accumulate at the interface, The corrosion
characteristics of the surface ere believed to affect significanily the eorresion behaviour of the
whole mnbed system,

. Figure 6.4 - Schematiz illustration of the corrosion at defactive aveas of conting on steels.
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6.2.3 - Conted specimens exposed to wet-dry eyeles inside a cabinet
(1} Prohesion test

In this test the steels which produced the larger degree of deterioration
were exactly the ones which exhibited improved corrosion performance when
coated and tested under immersed cenditions. This reveals that the conditiong of
test are of major importance in ranking the corrosion resistance properties of
costed systems. However, since the steels provided by the same manufacturer
produced similar deterioration features, this indicates that the microstructural
similarities between these steels might have had a significant effect on their
corrosion performance.

Az mentioned previously, the similarities between ihe steels originating
from the same producer were mainly their hetefogeneities content. In the
Prohesion test the differences in the degree and type of deterioration between the
two sets of steels provided by the same maker were mainly gshown as dissimilar
degree of delamination and adhesion characteristics of the corrosion products
foermed upen cyelic exposure. It is then supposed that the different adhesien
features of the corrosien products formed on the two proup of steels, were
primarily caused by their heterogeneity centent at the surface, Larger
delaminated areas and accelerated adhesion failure was asseciated with
‘cleaner’ steels, that is, steels with lesser inclusion contents. On the other hand,
the steels which had relatively longer lifes also had larger inclusion confents,

It 15 proposed that the presence of larger heterogeneity content at the
surface might have either allowed the cathedic reaction to occur on the exposed
metal at the scratch or led to the initiatien of localized corresion on several points
of the exposed substrate, The presence of a large number of MnS or mixed (M&:LS +
oxide) inclusion at the exposed surface of some steels could have led to the location
of the cathedic reaction on the bare metal, specifically on the inclusions surface,
If the cathodic reaction cccurs at the scratch less delaminatien results and

conseguently the loss of adhesion between coating ard substrate is diminished.
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The location of both reactions, ancdic and cathedic, at the scratch leads to less
damage at areas away from the exposed metal, Also, the accumulation of liquids
at the interface 13 hindered ir. this case. The other possible effect of tﬁe inr:lusiqns
on the corrosion performance is the stimulation of localized corrosion. The
localized corrosion could have been benefictal in terms of adhesion characteristics
of the corrosion products formed since these might &lso have been locally
deposited on specific areas. The deposition of corrosion products on various
localized arcas might have acted as adhesion promeoter by exerting an anchoring
effect between the coating and the substrate. On the other hand, generalized
corrosion might have contributed to the more generalized loss of adhesion found
in the case of the 'cleaner’ steels. Thus, it can be assumed that whereas a larper
degree, of steel 'cleanliness’ seemed to be beneficial for the anti-corrosion
properties of bare or coated steels under immersion conditions, the opposite effect
was observed in the Prohesion test.

In the Prohesion test, it was also found that the mild steels produced = rust
layer with slightly lower adhesion properties than its respective low-alloy steel
match provided by the same manufacturer. Extensive published literature in this
field®12-2 proposed that the addition of alloying elements in the low alloy steels,
weathering steel types, mainly Cu, improves the protective characteristics of the

rust layer formed during atmospheric exposure.
(2) Cabinet test with artificial acid rain solution

Since in this test no difference was observed between the various coated
steels, 1t is evident that the aggressivity of the test environment has 2 major effact
on the characteristics of the corrosion products formed. Thus, the ranking of the
anti-corrosive properties of coated teelsis only valid under the specific conditions
applied in the test. This is a signifiéant shortcoming of somse of the aceelerated
feats used for the evaluation of paints, especially when correlation with outdoor

exposure 15 sought.
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The irdisticguishable results obtained by this test for the various. steels
analysed were supposed to have been caused by the corrosion of the steels in an
acidic environment. The pH of the environment was supposed o be the-main
factor affecting the response which was different from the one obtained in the
Prokesion test. It is known that in the acidic environment, the sulphide
inclusions are easily dissolved exposing the metal matrix. If this cccurred the h
situation was similar for all the siecls tested, and the effect of the heterogeneifies

on the corrosion properties of the coated system was insignificant.
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CHAPTER 7

CONCLUBIONS AND SUGGESTIONS FOR FURTHER WORK

7.1 - Conclusions

From the experimental results dascribed in the previous chapters, the

follewing conclusions can be drawn for the various tests:

%7.1.1 - Bare steel surfaces

1. The two types of steels used, low-alloy steel and miid steel types, were not

differentiated electrochemically under immersion and low polarized conditions.

2. Minor differences were obssrved between steals prﬁduced by two
manufacturers. The slight differences were mainly detected by iinear

polarization resistance and elecfrochemical impedance techmques,

3. The cause for the dissimilarities was assumed to be the difference in the

inclusions content of the steels produced by different manufacturers.

4. Differences were found between the two types of steels used at conditions
far removed from the corrosion potential. The distinctions were related to the

passivation characteristics of the two ateel types used.

5. The low-alloy steel types passivated at higher polarization potentials, and
at larger critical current densities than the mild steel types. Thus, the alloying

elements shifted the active/passive transition towards more positive va.ues.
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6, The difference in the nature of the main inclusions en the twe types of
steels tested was also beheved to be the cause for the dissimilar behaviour obtained

in the high paolarization conditions,

7. The currant density at the ‘passive’ region, ipass, mnereased with the Cu

content of the steel. This is probably due to an enrichmen? of Cu at the surface
during the dissolution of the metal matrix increasing the electric conductivity of

the ‘passive’ layer, and therefore ¢,,...

8. A distinct behaviour of the two stee: types anslysed was aiso feund in the
case of the steels exposed to the vapour phase of WM NaHB0, at 54° C. The low-
altoy steels produced less volumincus and more compact corrosion products than

the mild steels.

7.L2 - Coated steels under immersed conditions

8. In the case of systems with highly resistive coatings and whese
resistance was maintained throughout the testing period, the substrate did not

have an effect om the corrosion bhehaviour of the system.

10. Differences were however found in the corrosion hehaviour of the

various coated stcels used with fairly resistive coatings.

I1. The distinetion in the corrosion behaviour of the steels anaiysed were
.only detected by long term testing. This was due to the high resistance of the

coating at the beginning of the immersion pericd.

12. An anslogy seemed {o exist between the corrosion behaviour of the bare
and coated steels, The uncoated steel which displayed lower corrosion properties
alse showed faster deterioration in the corrosion properties when coated and

under immersed conditions. On the other hand, the steel with .enger proteciive
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iife also showed slightly higher corrosion resistance when its bare swface was

electrocnemically tested.

13. The substrate which had a sherter protective life when coated was the
A-36, while the LAS II coated system lasted the longest. The steels A-36 and LAS

IT had the largest and lowest inclusions content, respectively.

14, The paor performance of the A-36 substrate when compared te the other
substrates was probably due fo its larger inhomogeneity content which consisted

mainly of inclusions of MnS,

15. The sulphide type inelusions were agsumed to take part in the corrosion
processes underneath the coating and interfere with the behaviour of the coated

syatem.

16. Large contents of oxide or mcxed {oxide+sulphide} type inclusions are
also believed to affect the corrosion characteristics of the steel. These correspond
to regtons of irregularities at the surface and are supposed to interfere with the
adhesion of the coating to the subsirate, Water can accumulate at these areas

inducing corrosion and leading to earlier failure times than the ‘cleaner’ steels,

17. Steels with larger inclusions centent were likely to be more susceptible
to corrosicn. This was the probahle consequence of the larger number of corrosion
nucleation sites which if associated with 'defective’ areas of the coating might
have allowed corrosion to continue. Consequently a larger coneentration of ionic
species at the interface could also have caused a larger diffusion of water due
osmotic forces. The accumulation of water at the surface results in blistering and
causes the loss of adhesion of the ceating ard subsequently corrosion ean become

peneralized.
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18. Loealized corrosion was generally observed for the various systems
analysed, and this was supposed to have started at 'weak' or 'defective’ areas of
lhe coating, The deteclion of Na species at the centre of a black corroded spot

supported this observation,

19. When corrosion products grew locally, this might have led to an
increasing mechanical stress at the interface and consequently to the

enlargement. of defects initially present in the cozting.

20. The jmpedance respense of the various systems was affected by the
relation between intact and corroding area of the specimens. In the case of
coatings with large proportion of unimpaired area relative to the deteriorating

area, the impedance response was mainly that of the coating.

21. If the preportion beiween corroding and protective area is increased,
and provided that the coating resistance is not too large, the effect of the corrosion

on the impedance response might appear.

22, Delamination around corroding areas was caused by the high alkalinity
generated by the cathodic reduction reaction. This was confirmed by XPS and

Aunger analysis which detected the presence of hydroxide species on the

delaminated areas,

7.1.3 - Coated and scribed specimens exposed to wet and dry cycles inside
cabinet

For the Prohesion test the following conclusions are put-forward:

23. The steels produced by the same manufacturer which included the two
types of steel used, mild steel and low-zlloy steel types, showed similar

deterioration features, Thus, the type of steel was not the main factor leading to
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the distinet corrosion features found between the two sets of steels provided by

different producers.

24, The distingnished deterioration features between two sets of steels
provided by different makers was possibly caused by the variation in ‘cleanliness’

of these steels, that is, their inclusions content at the surface.

95. The steels A-86 and USI produced more adherent corrosion products
than the steels MS and [-AS II. On the other hand, the latter steels showed faster

loss of adhesion and larger accumulation cf solution at the inferface.

26, The corrosion characteristics of the steels used improved in the

following order; M3 <« LAS IT < A-36 < USL

27. XPS analysis on the coating side of the specimens tested confirmed the
ranking above. The largest content of aggressive ions were obtained for the MS

steel substrate, and the lowest, for the TSI steel.

28. When steels supplied by the same maker were compared, the mild steei
type of eachk group showed inferior corrosion charmcteristics than its low-alloy
steel match. This was demonstrated by a faster deterioration of the system and
slightly larger delaminated areas arcund the serateh. The presence of alloying
elements, mainly copper, is thought te be the cause for the improved resistance of

the low-alloy steels relatively to the mild steels under these conditions,

29, The corrosion properties of the steels analysed was dependent on the
tonditions of the test. The coated steels which resisted failure for longer times
inder immersion conditions were the same to show faster deterioration and
lrger loss of adhesion when tested under cyelic conditions inside a cabinet with,

mntrelled atmosphere.
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30. No d:fferentiation was found between the various steels tasted ihside a
cabinet with wef and dry cycles and in an atmosphere simulating the acid rain of
Manchester. Thus, the apgressive atmosphere of test 13 of major importance in

ranking the anti-corrosion properties of steels as substrates for paint systems.

72. Supgestions for further work

The present research raised some aspects on the effect of the substrate on
the corrosion behaviour of ceated systems which might require further work.

These are outlined below;

1. A study of the effect of inclusions on the corrosion characteristies of bare
stee! surfaces is required. Surface analytical technigques such as Auger
Spectroscopy should be useful to investigate the initiation sites of the corrosive

attack and their relation to the inclusions at the surface.

2. Further studies on the influence of steel inclusions content on the
subsequent behaviour of coated specimens under fully immersed conditipns are
suggested. The characteristics of the interface hetween the coating and the
substrate should be locked at thoroughly. Methods that can be helpful in this

examination are adhesion tests and surface analytica! methods.

3. The inclusions sites and areas surrounding them need to be
sysiematically analysed with immersien fime. The development of eorrosion on
these heterogeneities and areas around them, might provide valuable
information on their effect upon their correlation with the subsequent behaviour

of the coated system.

4, The role of inclusions in stimulating localized corrosion and blistering by
an electroendosmeotic effect caused by the micregalvanic cells created requires

investigation.
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5. Studies examining how the steel 'cleanliness’ at the surface affects the
degradation behaviour of coated and scribed specimens exposed to cyclic tests in
controiled atmospheres is suggested. Further work is needed to find out what is

the role of the inclusions on the formation of adherent or locse corrosion products.

8. Steels with slight compositional differences and various heterogencities
content should be studied in order to correlate the inciusions content with the
corrosion characteristics of coated steels, either under immersed conditions or
scribed and exposed to cyclic tesis inside cabinet. Thr.-a Prohesian test is supgested
as a pood test for the ranking of coated steels with different heieropeneities
content since this provided a clear distinction between the steels used in this

research.

7. A further investigation might examine how an anti-corrosive pigment or
a conversion coating would interact with the inclusions at the interface of the

coated system,
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