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Abstract

Four systemsbased on &olvenborne polyesterinelaminetopcoatapplied
over onebenchmarksolventoorne primer anthreerelatedexperimental pretreatment
primers were exposedh natural and acceleratexhvironments. The performances
were charactergl by electrochemical impedance spectroscopy (EIS) andeficus
beam/scanning electron micropeo(FIB/SEM)analysis to determine the extent and
mode of corrosion.

The coatings performance were evaluated by measuring the impedance
modulus |Z|, phase angles, the degree of blistering and analysis of exposed area. The
solventorneprimer performed exalently in natural and accelerated environments.
However, norpigmented waterborne pretreatment primer performed poonigtural
environment but performedsimilady to the two other waterborne pretreatment
primersin accelerated test3he two waterbone pretreatment primers containing
anticorrosive pigments with and without conversion technglogfyow some
improvement in the corrosion protection of hot dipped galvanised steel.

The performance dlifferent coatings tested glectrochemicatells, neutal
salt spray, humidity and under outdoor weathering conditionBohus Malndn,
Sweden(BM) were characterisedising EIS. Impedance modujuZ|, indicates the
overall performance of theystem andphase angkewereindicative ofthe presece
of corrosian product. The total impedance was a good indicator in distinggisine
performance of different coatings. The other componergguiivalent circuit models
were also useful in determining the performance of coatings

FIB/SEM analysis developed in thisqgjectwas found to bauseful technique
to study crossections of prgainted metal. Information from secondary ahe
backscatter electron images can revealthiiekness the quality of the coatingand
gpecific areas of interest such as defects, amimiation and corroded areas. EDS
measurs the distribution and quantiian of elements within coatings can also be
studied.

FIB/SEM was found to correlate EIS dataand suppogthe work ofother
researchers whereby theisedtotal impedance values tadicatethe presence of
corrosionunderneath the coatin@orrosion starts at defects in the zinc layest
necessarily at the zinc/ primer interface. Corrosion products were found to separate
away from the zinc layeandnot from the coating as previdusinderstood for blisters
and delaminated coatings.
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Chapter 1. Introduction

1.1.Motivation

Metals have been used by the engineering and construction industries for
hundreds of years. One of the problems of using metals is their tendency to corrode,
patticularly ferrous metalsincludingsteel.The corrosion mechanismwf metals have
been extensively studied for more than 150 yggrg heyoccur naturally and involve
an electrochemical process in which a metal reacts wigmitisonment to form oxide
or other compounds. The procegsjuires an electrochemiceéll which has four
essential constients:an anode, a cathodan electrolyte (which is anelectricaly
conducting solutio)y) andan electrical connectionTheresultof the electrochemical
reaction ismetal losq2].

Figurel. Photographs showingrecated metal in facade cladding of buildinis3.

Coatedmetal panelsre used on thiacades and roofs of many buildingee
Fig. 1). The mints are normally usefbr bothaesthetic purposes atwl protect metal
surfacedrom corrosion. They areheapto produce aneéay to apply orto different
metal substratesThey are made fronfive main componentswhich are binder,
solvents, pigmentand fillers,and additivesThebinder is the film forming component
and givesthe basic physical and chemical properties ofgamt The solvents are
used to dissolve tHginderand disperse the othesrtstituents in the formulatioihey
allow the viscosity to be controlled drenablethe maints to be appliedThe colour

pigments nonsoluble particlesare used to enhant®e paintsmostproviding colour,
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but someinhibit corrosion.Fillers such barim sulphate and calcium carbonaie
addedo reduce the cosif the paintaand improve certaipropertessuch as hardness
Finally additivesare added in smaljuantitiesinto the paint toenhancecertain

properties

Paints are used tprecoat metal stps on coil coating lines. The first coll
coating line waslevelopedLQ WKH PLG TV WR FROA I9$H&QQHW LD Q
continuous process whereby production sastcut to a mininmnmand environmental

impact[4] is reduced congredto post painting processes.

Today,coil coating linesare highly automated, operating at very high speed
(100-180 nmimin.). Thetechnologyis known asp S-UIHQ L V[K]LAcH[line consists
of many stages (See Fig. Bjrst the metal cojlcommonlyhot dip galvanised (HDG)

steelor aluminiumis unwound, cleanednd degreasedith alkaline based cleaners.

entrance accumulator prime cuining

coater oven
I |
/9q I
\ exitac
y

top |
prefreatment coater finish I
(cleaning and oven Water
quench

cumulator

|

uncoiler

conversion coating)

Figure2. Schematic diagram showingtgpical coilcoating line[5].

The HDG steel is producexh a galvanising liney dipping the steel strip into
molten zinc bath a#50 °C (See Fig. 3) The zinc forms a good metallurgical bond
with the steelA small amount of aluminiunf0.1- 0.3 %wt.)is addedo the zinc bath
to suppress the growth of brittle intermetallic phases oEZfrat the steel/ zinc
interface[6]. The Al additionimproves the adhesion of zinc to the stégl producing
an inhibition laye of FeAls(Zn) 50 nm thick[7]. The thickness of # zinc is

controlled by air knies. Lower zinc thicknesses are used for less severe environments

28



because the thickness lzaseffect on the protection of the stg31 A zinc coat weight
of 275 g/m, equivalent to 2mon both sides of the strip normaly usedfor exterior

applications.

Figure3. Schematic diagram showingtgpical hot dipped galvanised steel lif3.

The metal is normally cleaned with an alkaline solution so that impurities and
inert aluminium oxide are removg6@] [8]. It is then pretreated with a chromate or
chromae-free conversion coating by immersion, spragueegee rolls pthe most
common aroll coater.The pretreatmentelps the solvent based primer to adhere to

the substrate.

TOP SIDE COATER
Rubber Applicator Roll

Steel Pick-Up Roll
Topcoat Paint Pan

Back-Up Roll

Metal Coil Sheet

Figure4. Schematic diagram showingrall coater coahg the top and back side of

the metal coil shediO].
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A roll coateris used to apply the primento the metal (See Fig. 4) which is
cured in an overgenerally for around 30 seconds apeak metal temperaturBIT)
of betveen 216 t®32°C. The primed surface is then overcoated with a topandt
also curedin an oven generally for around 30 secobds this timeat a PMT of
between 216 t®50°C. The process occurs concurrently on both sides of the metal
strip.

Primers ae used to protect the steat aluminiumfrom corrosion where
adhesion and anticorrosive performance are the essential properties. The topcoat
provides the final aesthetic appearance, mechamindldurability performance of a
coil coaedproduct[4].

The paintsare typically solvent based, thermosetting systems dominated
mainly by polyester resins cured with either an alkoxy methyl melamine crosslinker
or one based on an isocyangk They havea market share of around% in Europe
and can be tailored to the ender requirements very eas[l]. Polyvinylchloride
(PVC) plastisol and polyvinylidene fluoride (PVdF) take second and third place
respectivelyf8]. PVC plastisol and PVdaremainly based othermoplastic systems
and have a market share of aroundPol Epoxies, acrylics, siliconmodified
polyestersand alkyd cover the rest of the% market sharg8].

Topcoat

Pretreat-

_« Primer

Pretreat- Zinc
Primer ment

Backing Coat

Figure5. Schematic diagram showingséardard coil coating system on HDG steel

[11]
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Following the cure of the topcoat, the painted metdahen quencheavith
water, cookd and rewound into another collhecoated metadoil is normallyformed
before shearingor useas roofing or facades for the construction industryfoor
carcasse®f domestic appliancesbout 70% of coil products are used for buildings
[4]. The coatingprovided excellent protection from the environment for a long period
of time with a lessthan 0.5% failure ratgl2] of which 75% is linked to corrosion,
especiallythe edge areas of cut she¢i8]. Most exterior products are coated with a
20-25 um topcoat, 8 pum primer, and submicrometres layer of pretreatmeniSee
Fig. 5). The resof the coil products arer automotive, appliance, furnityrand other

applicatiors.

The ®rrosion performance of daoated products is commonly evaluated by
accelerated laboratory tests. Neutral salt spr&670 % and humidity
% 6 3DUW }Yessare widely used by the industry to predict thetiiife of
the productsntended for exterior applicationsAlthoughthe correlation between the
accelerated tests and natural expaosigrpoor[14] [15], many architectsand builders
like the testglue to lengthy histazal experience of how precoated metatfornsin

them The tests arembedded in internal documents, proceduard specifications.

In the last few years, the industrysmaove towards cyclic tes{ASTM G85
96 and ASTM D58946) so that actual environmental conditions camioee closely
replicated. These teshvolve a series of wet and dry cyclesid some have additional
exposure conditions such as heat, humjaityl ultraviolet lightln short term testing
cyclic tests generally haveasonablygood correlation with natural weathegi tests
[16].

Established products normally consist of hot dip galvanised steel coated with
a pretreatment, a primend a topcoat. Coating companas increasingly interested
in adoptinga pretreatment primepretreatmergtthat can also act as primers order
to cut costs bgliminating a process and reducemgissions and effluenf8]. It allows
also forexisting coil Ines to have the ability to add an extra codhtlayers when
the preéreatment stage issed to rura pretreatment primer. Theheprimer stage can
be replaced with a basecoat or topd8ator the topcoat stage can be replaced with a

clearcoat or other functional coatinfg].
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Beckers has tried to develop a pretreatment primea farmber ofyears and
has achieved the vertringent customer specifications of fast curing and being
solvent free but corrosion performance has besmiable A range of waterborne
chemistries such as epoxies, polyurethane dispersions, phermroictacrylics have
been evaluated. Problems of removing water, poor mechanical properties and more
recently corrosion resistance were faced but the root causes of these problems are not
known. Film formation, surfactant, adhesicand others may be the cause.

1.2. Aim

The aim of this project was to gain knowledge and understading of the
corrosion mechanisns of coil coated products that utilisd a novel waterborne
pretreatment primer using electrochemicalimpedance spectroscopy and focesl

ion beam/scanning electron microscope

The prgect will focus ona range of related experimentalatings compared
to a benchmark produeind how theyprotect hot dipped galvanised (HDG) steel in
acceleratedand outdoor environmentsElectrochemical imp#ance spectroscopy
(EIS) is used to characterise the corrosion process dutimegtesting in an
eledrochemicalcell, neutral salt spray, humidjtyand under outdoor weathering

conditions on the Swedish Weasiast.

Focwsed ion beam/scanning elegoin microscope (FIB/SEM) isused to
observe, monitgrand detect the corrosion products during exposure. The results from
the different acceleratedhd outdoor weathering tests am@related to determine the

significance of the results

1.3. Objectives

The objectives of this project are to observe, monitmd investigate the
corrosion failure mechanisms of waterborne chromate free pretreatment primers, to
aid the development of that coating so that tewer systemswill have similar

weathering characteristic to a commercial three layer system on HDG steel.

More precisely it isd studythe behaviour ofa range of related experimental
coatings and a benchmark prodimcaccelerated tests suchaaselectrochemicatell,

neutral salt spray, humiditgnd under outdoor weathering conditions on the Swedish
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West coast. In addition correlaion of the results from ElSnd FIB/SEM will be
attempted

The first task is to monitor the consistency of EIS measurements toniay
cell and forfour coating systems over perwaf time. Three locatiors will be
measurean eaclpanel and tested fgreriods of time. Then fitting software will be
used to model the behaviour during thatiod oftesting

The second task is to mémi and characterise theur systems in accelerated
tests forperiods of time by EIS and then model the behaviour using fitting software.
Also included is the assessmenttloé degree of blistering on the panels during the

tests.

The third task is to mator and characterise thieur systems in outdoor
weathering on the Swedish Westsbfor a number ofyears by EIS and then model
the behaviour using fitting software. Also included is the assessm#re @dégree of

blistering on the panels duringattperiod

The fourth task iso develop and optimise FIB/SEM technique so tlginent
dispersion, interfacial propertieamnd changes occurring after exposwaele studied.
Energy dispersive Xay spectroscopyEDS) analysis will be included to investigat

the chemical composition inside taeeas of investigation

The fifth task isto observe, monitgrand investigate théour systems in an
accelerated test foperiods of time by FIB/SEM analysis EDS analysis will be
included to investigate the chemicalmposition inside the coatings attd possible

formation of corrosion producfermed duringhe exposure

The final task is to analyse and correlate E$ultswith FIB/SEM analysigo

determine the significana& the results.
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Chapter 2. Literatu re review

2.1.Corrosion process

2.1.1.Definition of corrosion

In it simplest form, corrosion is defined as the degradation of a metal by an
electrochemical reaction with its environm2it There are two types ofassificaton
of corrosion processas metals[17]. Dry corrosion isa process that occurgithout
water or aqueous solutiomhen meta are exposed taas or vapourWhereas wet

corrosion isaprocess that occurs when metals are exgpdganaqueous solution.

Metal Gas Metal ze 0O Metal
ME+ _'—r-_'*-_e'_"-:“::;ggf-:
02-
A M?*aq. OH-
ze - -
Oxide Electrolyte
film solution
Anode Cathode  Anode Cathode
(@) (b)

Figure6. Schematic diagram showingnades and cathodes in dry (a) and wet (b)

corrosion processgs7].

Dry corrosion[17] occurs when metaleacts with a gas or vapour such as
oxygen, halogens, hydrogemlfide, sulphur vapour, etc, resulting oxidation,
scaling, andarnishing(See Fig. 6a)The reaction involves the initial oxidation of the
metal (donateelectrors), the reduction(acceptelectrors) of the nonmetal, and the
formation of the compound at the metainmetal interface. A further interaction at
the interface is possible if the compound is volatile discontinuousand in most
cases, the reaction rate mainly remains the sameageziod of time. Whereas for a
continuous film, a barrier to the reactants is formed. The reactants can travel through
the film by diffusion of the nonmetal or by diffusion and migration of ions of the
reactants.
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Wet corrosiorf17] occurs whemlifferent parts of anetal areoxidised and the
species are reduced in soluti@sulting in @& electron transfer through the metal from
the anode to the catho@f&ee Fig. 6h)The reactiorformsa thermodynamically stable
solid compouds or hydrated ions of either cations or anions at the 1selation
interface.The compoundthatform at the metasolution interface may be transported
away by processes such as migration, diffusion, and natural or forced cmmvect
Further reactiocan occuwith the solutionif the stablesolid phase formed falls away
from the interfacéhen it camot be protectivel-or astable oxide formed on the naét
surface to be protective,must be a film oa precipitate.

2.12. Thermodynamics

Metals arethermodynamically unstable due theabsorbed energy obtained
when metals arextraced from theirores.They corrode to releaghis free energyso
forming a stablesnergy stateorrosion product.The free energy is the single factor
which determines tether or not corrosion will take place spontaneojly

A

Free

Energy

(@) 2 WL W
'G

Corrosion
Ore product
>

Reaction ceordinate

Figure7. Schematic diagram showirggthermodynamic energy profile for metals

and their compoundg].
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This isillustrated in Fig. 7 which is a thermodynamic energy profile diagram that
shows the tendency of the metal to corrode and the rate of corrosion which is

represented by the activation energgt).
'G = Net change of energy in a reaction

'G* = Free energypf activation (Activation energy)

Therefore:
'G < 0 = Reaction is spontaneous
'G = 0 = Reaction is in equilibrium
'G > 0 = Reaction is nespontaneous

The rate of corrosion isontrolled by the size of the activation energg
expressed in (12]. It acts as mobstacleby slowing the corrosionprocessA high
value results in very slow corrosion rate éimelopposite effecoccussfor alow value.
For example the corrosionmechanismproceeds at a faster rate when wadad

electrolyte argresenty loweringthe activation energgf the reaction
Kcorr = Aexp (' G*/RT) (1)
A = Undefined constant
'G* = Activation energy(KJ/mol)
R = Universal gasonstani8.314 J/mol. K)
T = Absolue temperaturéelvin)

2.13. The free energy andelectrode potential relationship

In equation(2) [2], there is a direct relationship between the standard electrode
potential(E®), and the thermodynamic quantity of Gibbs feggergy change'G°). It
indicates that the more positive the electrode potentials are, the more
thermodynamically favourable the reactions will be. Whereas a negative electrode

potential indicates no reaction has taken plate thermodynamic driving foe of
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theelectrochemicabrocess isletermined by the difference in the electrode potentials
between the anodic reactiand cathodic reaction.

'G°= 'nFE)ceII (2)
'G° = Change inrfee energyJ)

n = Number oimoles ofelectrons transferreid the cell reaction per mole of product

(mol)
F )DUDGD\TV FRQMWWMDQW &

E° cen = Standard electrodeopential (V)

Therefore thdollowing rules apply:

Thereactionis spontaneoushenE®.; > 0

Thereaction $ nonspontaneowghenE®..; < 0

a*f andE°.. must be positivén order to have a spontaneous reactwmre:

Eocell = Eocathode i annode

Thedatavalues of electrode potentiacan be obtained intable of standard electrode
potentias. E°.. is the standard potential at the anode BAd:.«is the standard

potential at the cathode

2.14. Corrosion kinetics

The electrode potential difference between the anodic and cathodic half
reactions can be used to determine the thermodynamic tendency of metals to corrode.
The number of electrons transferred in any time period can be used to determine the
rate of corrosion. Hence the rate of corrosion is directly related to the cutjent (
flowing between the anode and cathode. The corrosior{@ajas basically the rate
of metal oxidation and can be measured by the rate of mass lo&k)(daring an
electrachemical reactiorthat involved electrors transfer between the anode and

cathode, whiclis expressed in |3
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dm/dt = i/nF 3
dm/dt = The rate of mass loss (g&d9oknown as the weight loss the literature
I = current flow

n = Number of electrons transferred during one oxidagawction

) )DUDGD\TV FRQMMWDQW &
Cr = 1/As U dmi/dt = IAJ nNFAs U (4)
Cr = iAw/ NFU 5)

i = 1/As = Current density (A/CR)
As= Exposed area (i) Aw= Metal molar masgg/mol); U= Metal density g/cn?)

The theoreticalengineering rate of penetration as the corrosion rate in 4 asd 5
obtained bydividing equation 3 with the prodyds U18].

2.15. Electrochemicalproces®s

Corrosion involves an electrochemical process in which thialmeacts with
its environment by transferring electrons between species to browg abemical
change The process consssbf two half cell reactions At the anode, the metal
oxidisesand formsmetal ions ¥17*) andelectrons £€). This process is callegnodic

dissolution:
M) : M¥(aq) + 2€ (6)

The valencyof the metalis governedby the number of electronavailable to be

releasedy the atom and generally between 1 and 3.

At the cathode, the electrotisat have travelled through the metal frthhe anode are
consumedand the reduction reactions are eegent on the pH levels. At low pH,

hydrogen ions, H undergo dwo step process to produlbgdrogen gas:
H'@g+ € 1 Heg (7
2Hi) @ Hzg) (8
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At near neutral conditions, the process consumes dissolved oxygen and produces

hydroxyl ions:

2H>O() + Opg) + 4€ : 40H (ag) 9)

Other calhodic processasay bepossible if the energy chargyarefavourable and the
reactiors are able taconsume the electrons generated by the anodic dissoliion.
ionic conducting solution andn electricdy conducting pathway between the anode
and cathodare the other essential constituentshefcorrosion process.he emoval

of any one of the four components will stop the corrosion reafjon

2.16. Types of corrosion

There are 5 types oborosion which are: uniform,dcalised, pitting, selective
dissolution and conjoint action of corrosion and a mechanical fadtwey are detailed
in Tablel [17].

Type Characteristic Examples

All areas of the metal corrode at the same
(or similar) rate

1. Uniform (or almost
uniform)

Oxidation and tarnishing; active dissolution in
acids; anodic oxidation and passivity;
chemical and electrochemical polishing;
atmospheric and immersed corrosion in
certain cases

2. Localized

3. Pitting

4. Selective
dissolution

5. Conjoint action of
corrosion and a
mechanical factor

Certain areas of the metal surface corrode at
higher rates than others due to
‘heterogeneities’ in the metal, the environment
or in the geometry of the structure as a whole.
Attack can range from being slightly localized
to pitting

Highly localized attack at specific areas
resulting in small pits that penetrate into the
metal and may lead to perforation

One component of an alloy (usually the most
active) is selectively removed from an alloy

Localized attack or fracture due to the
synergistic action of a mechanical factor and
carrosion

Crevice corrosion; filiform corrosion; deposit
attack; bimetallic corrosion; intergranular
corrosion; weld decay

Pitting of passive metals such as the stainless
steels, aluminum alloys, etc., in the presence
of specific ions, for example, CI™ ions

Dezincification; dealuminification; graphitization

Erosion - corrosion, fretting corrosion,
impingement attack, cavitation damage;
stress corrosion cracking, hydrogen cracking,
corrosion fatigue

Tablel. Types of corrosiofil7].

2.2 Corrosion of steel

The atmospheriacorrosion of steel occurs when the metabxidised at the
anodic siteg10) to form ferrous ions resulting in a release of electrons. The electrons
are then consumed anh adjacent cathodic sitél1l) by oxygen and wat to form
hydroxyl ions. The ferrous ions react with the hydroxyl ions to produce ferrous
hydroxide Fe(OH). (12) which is unstablend known as rust Further oxidation

39



reaction occurs with aicontaining moistur@o produce red rust dérric hydroxide
(with F€* cations) andhydrated ferric oxid€13) [18].

Anode: F@) : F&'(aq+ 26 (X2) (10)
Cathode2H:Oq) + Oxg) + 4€ : 40H (aq) (11)
2Fgy + Oxg) +2HO() @ 2F€ @+ 40H@g © 2FeOH)9  (12)
2FeOH)zg + 20y + H20Op : 2Fe(OHY = FeO33H0nEg (13

In the case of HDG steaiprrosionoccurs by galvanic effeanly when the
steel is exposedthereby the zinc corrodes preferentially when in contact with the steel
and in the presence of an electrolytéison. Seesection 2.4or further explanation

of how zinc protects steel.

2.3. Corrosion of Zn [2]

There ardive important reactionghat can occuwhen zinc corrodgin water.
The study was made by Marcel Pourbaix, wherebdycharacterised the differences
between a corroding condition and a vamroding condition by the magnitude of the
potential. He successlily correlated the dependence pH and the potential of the

electrode with the condition of the electrode.

In solution with Zn ion concentration ofe M, the metal is considered to
be in a corroding condition. The metal is considered to be in a condition of immunity
when the concentration of the ions 0® M. The third condition is passivity whereby
the corrodig product forms a film on the metal sudaand prevents electrolyte

confacting the metalhichresuls in aredu@dcorrosion rate.

Usual anodic reaction:

Zns) 0 Zn?*(aq)+ 2€ (14)
Formation of an insoluble zinc hydroxide
Zns) + 2H0() 0 Zn(OH)2(s) +2H (agq)+ 2€ (15

Formation of a soluble zincate from zinc metal
Znes)+ 2H0q) o ZnOZZ'(aq)+ 4H"(ag)+ 2€ (16)

Dissolution of zinc hydroxide by acid
40



Zn(OH)s)+ 2H" (aq) 0 ZN**(ag) + 2H:0) (17)
Dissolution of zinc hydroxide by alkali to a soluble zincate:
Zn(OH)s) 0 ZNO2 (ag)+ 2H*(ag) (18)

Electron tranter is involved n reactions 1415, and16 and this is related to
the potential of the metand is influenced by the change in electrode potential
Hydrogen ions are formed ineactions 150 18, which areinfluencedby the acidity
of the solution andhereforecontrolled bythe pH. The potential and pH controlled
reactionsl5 and 6. The outomeof Pourbaix Work is a charthat illustrats how a
metal, in this caseinc, behawes in a range of pH at different potensal' he diagram
(See Fig. 8)shows that zinc can be immyngassivatd or corrodng in different
conditions of pH and potential.

20
19 7 18
14 15

16

Figure8. Schematic diagram showing tipetential of Zn indistilled water as a

function of pHadjusted by NaOH or HJ2].
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The two dashed lirsrepresent the reduction of hydrogen ions to liberate hydrogen

gas (9) and oxidation of water to liberate oxygen ¢2%).
Cathode2H"(ag)+ 2€ 0 Hz() (29
Anode:2HOq) 0 Oz +2H" (ag+4€ (20

The Pourbaix diagram showthat over the whole pH range, Zn is
thermodynamially unstable in water and tends to dissolve with hydrogen evolution.
A passivation layer of hydroxide film is formed on the surface of the zinc in pH range
of 8.5 to 10.5, which inhibitshe dissolution process of zinc. At above pH 10.5, Zn
corrodes to fan ZnQ?* ions and below pH 8.5, Zn corrodes to forn?Zions at

certain potentials.

Changes tohte pH of distilled wateby adjusting with additions of NaOH or
HCl can also affect the rate of corrosioirzinc. The diagram in Fig9 shows the
corrosionrate increases substantially when pH values are lower than 6 or higher than

12. At pH between 6 and 12, the corrosion rate is relatively low.

0.4

03

02

01|

Average overall penairation, om f yaar

Figure9. Schematic diagram showirtpe orrosion rate of Zn in distilled water as a

function of pH (pH was adjusted with addition of NaOH or HT9)].
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2.4. Corrosion process orHDG steel

24.1. How doeszinc protect steelfrom corrosion?

One of the mostommon andnexpensive wagto protectsteel from corrsion
in natural environments is to coat the steel with zinc. The gbating has two
functionsin protecting the steelt mainly actsas abarrier, stogping corrodants
contacting, andttacking the steel. The other purposeiprotectthe exposed steel
by galvanic protectiomvhen thezinc coatingaboveis damage due tovoids,scratches
and cut edges of the coatinighe zinc behavs as asacrificial anode and the steel acts
as the cathodéSee Fig. 10)This can be seem ithe galvanic seriesyherezinc is
more reactive tharsteel in most environments at ambient temperatuessl

preferentially corrodes

Zn Anode: Zn Zn?' + 2e- (oxidation)

Fe Cathode: 2H,0 + O,+ 4e-  40H- (reduction)

Figure10. Schematic diagram showing the corrosion process of HDG[&]eel

Anode: Zns) : Zn?*(aq) + 2€ (X2) (21)
Cathode2H20() + Op(g) + 4€ : 40H (ag) (22)
CathodeOz(g)+2H"aq+4€ 0 2H20y) (23)

Porous zinc oxide formation at anodic argAy:

22r12+<aq) + 202(g) +2H"(ag) 0 2ZNnQs) + 2H20¢) (24)
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Zinc hydroxide (white rust) formation at cathodic arg:
2Zns) + 2H20() + Oz(g) : 2Z1P*(ag) + 40H (aq) (25)
22r12+(aq) +40H @) : 2Zn(OHks) (26)

At the surface of thencoveredstee] a porous zinc oxideacrificial layer is
formed by adissolution/ reprecipitation mechanigi@4). This leads to preferential
comosion pathways across the high porosity areas andgesalinear corrosion rate
[20]. A secondary barrier layer of zinc hydroxide ppéate (25) is formed at the
cathodicareas of the exposed steel after the dissolati@inc. This leads to the zinc

coating corroding at a slower rate than the steel substrate.

Zinc corrodesmuch less than steel in most atmospheric environments by a
factor of 10 to 100 timeR1] [22]. Theprotective layeformedconsiss of a mixture
of Zn oxide, Zn hydroxideand various basic Zn saliiepending on the environment

it is exposed ir(See Fig 11).

Corrosion product Crystal structure Formula
Hydrozincite Monoclinic Zns(COs)2(OH)e
Simonkolleite Hexagonal ZnsClx(OH)gH20
Smithsonite Trigonal ZnCG;

Wurtsite Hexagonal ZnS
Zincite Hexagonal ZnO
Zinc hydroxide Tetragonal Zn(OH),
Zinc nitrate Trigonal Zn(NGs):2
Zinkosite Orthorhombic ZnSQ

Figure1ll Most common zinc corrosion produ§2s].

2.4.2. Atmospheric corrosion

Rural, urban, industriabnd marine are thfour types d categoies usedto
characteris@atmosphedc corrosion Only a small amount of industrial pollutants are
present m the atmospheref rural and urban areas dte low industrial activity.
However nore pollutants 060 and NG are preseni the atmosphere of urban area

due tohigheremissiondrom motor vehicles. A lot of air contaminants consisting of
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Cl, CO, SQ, NGs, or O3 may bepresent in anndustrialatmosphereln a marine
areathere is a lyh concentration oéhloridepresent in the atmosphesich, together
with wind speed madsit a very corrosive environmefi4].

For atmospheric corrosion to occamd at asignificantrate, water has to be
preseihto completethe components af wetelectrochemical process. The corrosion
rate depeds on a number of factors sucltlaes kinetics of anodic/ cathodic processes,
the conductivity of the electrolytand the conductivity of the solid state. Othetdas
influencing the atmosphericorrosionrate are the different air pollutants, relative

humidity, temperature, and weather charn@és.

Zinc in contact withmoisturesuch as rain, mist, or dewill corrode to form
zinc hydroxide on the surfaceof the metal [23] (27), zinc has alow electrical
conductivity and reduces the oxygenform hydroxide(28) and hence the corrosion

reactionin (27) is suppressed.

Anodic reaction:

Zns) + 2HOgy © Zn(OH)ys) + 2H (ag)+ 2€ (27)
Cathodic reactions:

Ozg) + 2HO() + 46 : 40H (ag) (28

2H*@q+ 26 1 Hag) (29

The zinchydroxide will be dehydrated into zinc oxide over a period of time, ranging
from a few das to a few weeks by reaction (3@’ he corrosion process continues as
zinc oxide does not totallyuppress the oxygerductionreaction (29, as it is an f

type sentonductor. It can react with carbon dioxide in the water to form the less

soluble Zn carbonate.
Zn(OH)ys) < ZnQs) + H20) (30
5Zn(OHY+ 2COxg) < 2ZNC3ZN(OHRi) + H20p (31

5ZNnQg) +2C0yg)+ 3H0)) < 2ZNCG3ZNn(OH)kys) (32
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Corrosion of the steelcould ke stoppedor slowed downif reaction (3) was
eliminated.This has been seen ime alloys containingpne or combination of these
elements oAl, Mg, Ni, Co, and Mn Theyretard reactioin (30) and by doing sahe

metalliccoatingimprowes its resistane to corrosior26].

Zinc oxide, hydroxide and basic carbonates are thain corrosion products
formed, which provide darrierlayer on the surface of ttsteel This reduces the rate
of corrosion of the zinc to levels beldhose of the steefheacidityand alkalinityof
the environmentaffect thetype of mechanisticattack, the rate of corrosipand the

different producs produced.

2.4.3. Effects ofcorrodants

Air pollutans containing carbon dioxidevill result in the formation of
carbonatesT hefilm formedpassivatethe zincbut isunstable at certain aciditgyvels
hencecan be dissolved becauSé: issolublein moistureand will lower the pH23].
CO, without the presenceof NaClcanincreaseshe corrosion rate slightlgue to the
acidification of the surface electrolyte, which givise to higher surface conductivity
and increasethe rate of dissolution of the surface filf27]. The corr@ion rate
deceases rapidlywvhen CQ is added in the presence of NalB enhancingthe
formation of simonkolleite, Z#OH)sCl2.H20 [28].

A significant increase in the corrosion rate of Zn is obtained when NaCl and
SO are presentogetherin the atmospheri22] [28]. The SQis soluble in moisture
to form sulphurouscid byanoxidationreactionandareductionreactionof hydrogen
ions in the moistureThis increass the corrosion oZn [23]. Laboratorystudiesof
atmospheric corrosion shaweavy corrosion pitting of metah theZn surface when
in the presence of Na@7] [28]. Pitting corrosion ocurs when there is a breakdown

of the protective layer of eithen organic coatingr passive oxide filnj7].

2.4.4. Corrosion products
When zinc corrodeshé corrosion processand formation of products are
dependent on thvarious types of atmospheric environmga€] [30] [31]. In a rural
environmentzinc hydroxysyphate,ZnsSQu(OH)s-4H20 was formedunder sheltered
conditionby transfaming fromzinc hydroxycarbonate, Z(CQOsz)2(OH)gin theinitial
phase [29]. For unsheltered conditian there was no phase changezinc
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hydroxycarbonateemained the same over a period of tineeause it wagable In

an urban and an industrial environment, zinc chlorohydroxysulphate,
(ZnsCl2(OH)sSQOy 5H20) was produced in the fingbhase, with thenitial phase bieg
zinc hydroxycarbonatandthe intermediate phag®eeing zinc hydroxysuphate[30].
Sodium zinc chorohydroxysulfat&jaZnCI(OH)sSQs-6H20 was formed in the final
phase in a marine environment. The inif@imationconsisedof basic Zn carbonate,
Zns(CO3)2(OH)s transformedinto zinc hydroxychloride, Zg(OH)sCl.-H20 for the
intermediate pase31].

Corrosion products can influence the corrosion behaviour of the metal
significantly by acting as a barrier between the metal and the environ&ment.
compounds are insoluble, compact, adherand insulating. Howevemnot all zinc
compounds hae the same protectiv@propertes because ofhe structure of the
compounds otheinhibitive property of the corrosion products.

2.5. Pretreatment

Conversion coatingideveloped duringhromatingprocesseare mainly used
in the petreatment stage wherebgxavalent chromium arrivalent chromium are
applied by anorinse processnto thecleanHDG steelstrip, reacted, and dried off at
between 50 antiO0°C [4] [8]. Previousy the preferred method was based on alkaline
passivatiorand then rinsgwith chromic acidcontaining chromium (llljonsas well
as sugar used as a reducing agerschieve sufficient corrosion protectjdhis was

expensive and wasteful compared tornberinse procegs].

The dkaline passivatiorsdution contained caustic sodgNaOH) iron (Fe),
and cobaltCo) compounds andthersolubke compound$§3]. Sometime rtkel ions
wereused insteadfaobalt. A zinc oxide coatingvasproducedduring the course of
the reaction which lthFe and Co (or Ni) ionsncorporate in a spinel type lattice
structure The conversion coatinglelivers excellentorganic coatingadhesionwhich
allows the steel to ithstand extreme deformatiorwithout the breaking of the

protection layerTypical specificcoating weights range between 0.2 and 0.4 [8in

Conversion coatindpy chromatingforms a submicron layer otinc chromates
or chramium hydroxideon the metal surface reactionq39) to (41) [3] . It ensures

good adhesion of the primay the sibstrate and giveeenhanced corrosion protection
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[8]. The chromate acts as a passoratayer and has the ability to behave botlaas
anodic anda cathodic inhibitor. In anodic inhibitiorthe rate of zinc dissolution is
reduced32] by the formation of zinc chromatin cathodic inhibitiontherate ofthe
oxygen reduction reaction on the metal surface is lowleyedthin layeof conversion
coating and the formation of blisters is avoidedthe organic coatinf2] [33]. Also
reported is the healingffect of using chromate conversion coasnghereby the
chromium ions beingslightly soluble,leachto the damagarea and form a passive

layer inturn protecting the substrafd4].
Zne) + 2H'ag) 1 Zn**(ag+ Hag) (33
Z*tag+ CrOs%(agq) : ZNn(CrQy)s (39

For HDG steel, the passive layer containglfrand Cr(lll) oxides. However
anaher study has demonstrated that Cr(QRHO is the main compent of the
passive layeformed when reduced from Ci®(see Fig. 11jand the zinc amount is

minor componenénabling zinc dissolution to permeated cause corrosidB2].

Chromate based pretreatmehavebeen used for a long time, however many
Europeancountrieswant to outlaw the use of the process because of the harmful
effects of hexavalent chromium, a suspected carcinffgnin spite oftheir good
anticorrosive propertig@2]. Chromate free pretreatments are the alternative method
in use todayTheyweredeveloped and introducetlring the early 1990$4]. They
are mainly based oaqueous solutions of titanium and zirconium fluoro complexes
manganese phosphatphosphoric acid, and wateoluble organic polymsrto
enhance paint adhesift]. 4-10 mg Ti/nt are normally applied on HDG steel to have

the ogtimum corrosion protectiof6].

In the first stagef chronatefree conversion coatingsolution of fnosphoric
and fluorotitanicacid isused to initiatelie formatiorof the layeron thesurface of the
substrate. The pH nges from 2 to 5which helpsthe dissolution of zinc hydroxide to

release zinc ions into the treatment bath (42).

In the second stage, @recipitae of a hydrated mixed oxidgphosphate
compoundis formed by the reaction of zinc ions with other ions cmaté in the
solution (i.e. MA*, H.PQy, Ti*") asin reaction (35[3] .
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Zn(OH)aaq) + 2H'@q) :  ZN**(aq) + 2H20q) (39
(Ti)F6?(ag) + Ha(PQu) @+ ZP*(aq)+ 3H00 : Zn(OH), Ai)(OH)(PQy) )+
6HRg) (36)

Researchers havieund that chromtefree conversion coating protect the
HDG steel by decreasing theorrosion current densitycgl). Theyalso limit the
oxygen diffusion to the HDGteel[6] [36]. The surface morphology is noticeably
different when there isn absence okither manganese phosphate or the organic
compound However the chromatefree conversion coatisglack the selt-healing
ability of the chromate versigrandproduceathinner layer tod6] [36].

Zinc or iron phosphatdsavealso beenused butare nowmainly used in the
United State$3]. The solutions are sprayed onto the steel tm#chievea specific
coating weight between .Dand (6 g/n?. This allows the conversh coating to have
a basic level of corrosion protection. A final rinse of a sealant, including chromate

chemicalsis needed to improve the performance of the conversion coating.

Thesurface of thesteel is treated with an acidic solution of sodium phatph
(dihydrogen phosphate) which dissatbe iron andorms a thin layer of amorphous
iron phosphate as shown in equat®gand38. Oxidants like molybdate, chloratar
organic nitro compoundsre used to increase the thickness of the conversiongsatin

by inhibiting the formation of hydrogen, thereby accelerating the next red&fion
6Fgs) + 3NaCIQ) + 18H (ag): 6F€*(aq+ 2NaCls) + 9H0()  (37)
Fe**ag)+ HoPQw(aq) : FePQgs) + 2H* (aq) (38

2.6. Purpose of organic coatings

Coil coating paints mainly consisted of a topcoat and a prifrtex.topcoat
provides tle final aesthetic appearance, mechanmad durability performance of a
coil coakd product[4]. Primersmain purpose are to prepare the surface for the

topcoat and provide protection to the substj@te

2.6.1. Purpose of primers

a) Prepare the surface for the topcf@t[37]:
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X Give good adhesion to the substrate in our case metal
x Be formable so that they can bridge cracks in the underiyetgl

x Allow good intercoat adhesion with the topcoat
b) Provide protection to the substrate:

x Coatings based ongh glass transition temperatur€g) resins are stiff and
providegreater barrieto moisture and corrodants

x Other methods can also be useddditionsuch as high molecular weight and
linear structure resins

x Provide a reservoir of anticorrosipggmentsto protect against corrosion

The primes protectin two ways,as abarrier, andthrough arelectrochemical
process[38]. The barrier mechanism works by slowing the progressoofosive
environmental agens(ch asons) travelling towards the metal surfadewas found
that the resistance of a coating to the flow of ionic curremt limiting factor to
corrosion[39] [40]. The aiginal thinking was based on how the coating protected the

metal fromthe attack ofenvironmentalater and oxyge1].

Anticorrosive pigmentsare usedto reduceor inhibit the electrochemical
reactions on the metallhe two mechanisms do not work in isolation dmak which
is dominantwill depend on theproperties of the coatingor example thebarrier

propertyof the binder ochemicalnature of theanticorrosive pigment used.

2.6.2. Barrier properties of primers

The kasic principle involveds the limiting of transport of a gas or vapour
through an organic coating he ease of permeatiavill depend orthe solubility of
the contaminamstwithin the plymer matrix and how easy it fer themto diffuse
throughit [41].

The restriction of the passage of gases, vapandsorganic liquids through a
coating will depend on the type of polymer, the functional gspalpain synmetry,
and crystallinity. he orientation of the polymer, the crdggk density, plasticisation

and Tgalsohavea significantinfluenceon the coatingpermeability{41].
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The barrier properties of waterborne coatings depertkdearnemical structure
of the binders and thextent offilm forming. Crosslinking andthe Tg, in relation to
the prevailing conditionfiave an influence on the film formation proc¢38] and
hence the porositypermeability A properly formed coating should not have pores

present in the coating.

It was originally assumethatthe purpose ofnorganic coatings to act as a
barrier to water and oxygehlowever evidence from scientific research has shown
that theresistanced the flow of ionic current is the limiting factor in the protective
function of barrier coating89] [40] [42].

2.6.3. Resistance to ionic current by organic coatings

In a study by Bacon, Smith, and Rugg whereby thesct current DC)
resistance of over 300 differentating systems were investigatedligect corréation
was found between the ability of the coatings to protect the steeldorrosion and
their resistace values. Good, fair and poor were the three general classifications
established and these were based on the resistance values over a periodS#dime (

Fig. 12) [39] [42]. The results were: Goodatings = Log R =2 cn?. Coatings

Figure12 Graph showinghe resistance behaviour of coatings over fig$g.

providing good corrosion protectioti® : cn? over time.Coatings providing poor
corrosion protectiondl®® : cn? over time. Initial decreases in resistance values were

found for all coatings.
51



2.6.4. Anti-corrosive pigmentsin primers

2.6.41. Chromate pigments

Traditionally chromates anged lead] & k) wereused as pignre corrosion
inhibitors in primers withorganicbinders The oldest antcorrosive pigment ised
lead which is highly toxic but it has the ability to be reactive when dispersedn
oxidisable mediun{43]. Strontium and zinc chromates atso widely used.The
chromate ions are soluble in water &nein migrateéo the metal surfacehereit react
to form a passive metal oxide filmvhich inhibitsthe corrosion[44]. They are more
effective at suppressgy the cathdic reaction than anodic zinc dissolutidine H{W H QW
RI LOKLELGR RGQGHBAWRUV VXKUKRPW MRK OSRBU IBBQHG GHJU F
D HU DMowW&€), tromate pigmentare toxic and can cause dermatitis, skin
sensitisation, asthmand cancer. Relkad pigments can cause lead poisonamy

mental retardation in childrgd5].

Zn — Zn?* + 2e- (oxidation)

. Zn?" + 2H,0 - Zn(OH);

Topcoat
2. 3Zn%* + HCro,% + 8H,0 — Zn,Cr{OH),, + 5H*

Primer

2H,0 + O,+ 4e- — 40H-
(reduction)

Figure13. Schematic diagram showinghhZ FKURPDWHY LQKLELW FRUUR
HGJH RI D FRDWHG S D QB@NLIDPD QI B R MWWLIIRAM ® EG IR U
,,,K\GUR¥$LGH

In near neutral and alkaline conditions, chromates inlubitosion at the
cathodic regiongxygen reductionby reducing&« UWR &URUP DQ LW IHWMHUVLE
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RIQHPEQROD\HU MKW RKNQUWR/MLGH RU R[RGHZ UDW2W KH

PHWXO BDF@YHQ DW KLJK FKORULGH FKAJ RFADWSRZBW DRC
FDWKRGLF $W KW E HWORUR/G RF SIRVMIFEIDHP W HFAK@® RFFEXUUHG
JLQF LRQV UHDFW ZLWK ZDWHU WR IRUP JLQF K\GURJLC
IRUP K\GUDWHG ]LRXUR PIDIBMH 1RV UHDFWLPHIB/XF]LQF V
FKURPLXP ,,, KW R[EGHD

Zn — Zn?* + 2e- (oxidation)

3Zn + Cr,0,2 + TH* — 3Zn2" »2Cr* + TH,0

Topcoat

2Cr3* + 3H,0 — Cr(OH); + 3H* — 8r,0,3H,0

Primer
| I R R PR G e ) NS ) T % I Zn*
291& Hzo Cr04 2-4 H* — Cl‘2°7'2 + HjO
Fe Fe 'Cathode o Cr,0;2+ 14H" + 6e- —> 201> + 7TH,0
2e° L 2 er*+30H — Cr(0

2H,0 + O, + 4e- — 40H-
2H* +2e — H,
(reduction)

Figurel4. &hematic diagram showinghhZ FKURPDWHY LQKLELW FRUUR

HGJH RI D FRDWHG SDQHO LQ DFLG FRQGLWLRQV E\ GL

WKHQ URGXRRWRQVH WUDWRBRKHWDO VXUIDFH WR |
FKURPLXR\GUR$L GaH

&KURPDWHYV DUH UHDDWLGHOFRROKWORQV 7KLV F
DQRGLF UHJLRQ ZKH U H B\ URKCH QEHX WU B 6 O/GREMPRIGH. F
GLVVROXWQRQ &XIURPDWHV LQKLELW DW WKH DQRGLF
GLFKURRDW2 &ZKLPKH WKHQ UHICR(GW @7 KHRY WKWK

WUDQVSWEHWWOG AVRXUIRBHR ¥ RLFRUPXUWKHU RIQVFWR ZL\

IRUP D SURWHFWLYH OD\HU RIL&EGEHDWHE MKURPDYWKRG
UHJLRQ WKH GLFKURPDWH LRQV DUH IRUPHG IURP WK
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LRQV DQG WKHQ LIRH)A/X FAKGE. AKRUS IR RWYV WIRWVIKR AR HD SURYV
OD\HU RI FKURPLXP ,,, K\GUR[LGH

2.6.42. Chromate-free pigments

Thestrict environmental regulations the last decadeave forced the coating
industry to move away fia these toxic pigments towards environmentally friendly
pigments and inhibitorgl5]. Phosphatg ferrites and iorexchange pigments anew
most frequently used by the indusfap].

There are many types of phosphates and polyphosphates in use today. The
anions are combined withne, or more cations of aluminium, calcium, lithium,
magnesium, strontium, and zifjd7] [48] [49] [50] [51]. The pignents in small
guantitiesare soluble in water and can release free ions to the ddraaege of the
coating by passivating the exposed metal surfacdy forming a barrier layer of
precipitated salt film.

Zinc is the most commocationdue to the low sohility and reactivity of the
pigment with different binderdt works by the phosphatisation tife metal surface
The phosphatdrkt reactswith either hydroxyl or carboxyl groupm the bindeand
with the products of the corrosida8] [49] [50] [51] to form a passivation layer.
Oxides, hydroxyoxidesand iron phosphate compounds are normally formed in the
passive layerof iron and their salts hve limited solubilitywhich resuls in the
polarisation of the cathodic regiofi2] [53] [54] hence slowng the rate of corrosian
Other views are that due to the lowdality of zinc phosphate, especially in near
neutral conditions of between 685pH it will be difficult to produce a passivation
layer[55] [56] [57].

Aluminium triphosplate, calcium zinc phosphate, zinc polyphosphatel
calcium phosphate are also used and the mechamistmp corrosiois similar tozinc
phosphateHowever these pigmentdave not been asextensively studieds zinc
phosphat¢58] [59].

lon-exchange pigmestaremainly based on calciunon exchangsilica. They
undergoa two stagemechanism to protect metal surfacés acidic conditios,

hydrogen iongenetratehe coatingfrom the environmentard areexchangd with
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calcium ionswhich neutralise the acidic compoun8ubsequent transport of the
calcium compound to the metal occurs where them a protective layer of calcium
and metal silicate on the surface of the subst{&&460] [61] [62] [63] [64].

JLIXUMKRZV JLQF LV R[LGLVHG DW WKH DQRGLF VL\
HQWHU LQWR WKH VROXWLRQ 2[\JHQ UHGXFWLRQ UHDI
WKH ZDWHWH @ G® HRYHQW DW WKH PWKHD OR X X UHIDHH VR F
SURGXFH K\GUR[\@ LIRGND QQH VR OXRQ BBRIH (RAQLFID FD
WKH DONDOLQLIQ G @ MWKHR BR BVDIVQVR W LW R M/ IF DL\R RR G 6 E 21
3DUDOOHO WR WKH VLOLFDWH LRQ U H DLRW H RFQX D\QLIGIL FrD!
FDWLR QW \RXUAX &M HDFWWL @ L WHWRH | RRO®W VX P LEDW H
LQ DONDOLQH UHJLRQ\$VR QVWHK HD @ R @/IDFO UVHXIWL FOXF W LO L F D
JLQF LRQV DQG IRUP JLQF VLOLFDWH 7KH JLQF VLOLFI
IRUP FBL[HQF VLOLFDWH DQG FRDBRLERWHGOWELY@H D2E 6L

Zn — Zn?* + 2e- (oxidation)

Topcoat
Zn?* + $i0;2 — ZnSiO,

= Zn2+
Primer 2+

i‘\‘?h P')‘J -“!,.-'!' *?’f%j‘anq&&-‘\p; ‘M' ]--_/ S|°2+2°H'—> Si032'+H

<« | H0 Ca?' + Si0;> — CaSiO,
2e y Hzo

- Fe Cathode- 0, ZnSi0,CaSiO; «— ZnSiO  + CaSiO,

40H-

2H,0 + O, + 4e- — 40H-

Figure15. Schematic diagram showingR Z FDOIFRR@MH[FKDQJH VLOLFD S|
LQKLELW FRUURVLRQ DW WKH @&@X®& HGJH RI D FF
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2.7. Waterborne coatings

Strict environmental regulations have forced the coating industry to develop
coatings that aresolvent freevith nontoxic pigmentdor protectioragainstcorrosion
Waterborne coatings with chratefree pignents have beeausedin the last 20 years
[45] . They are based on water which acts aslacle in whichto disperse the resin.
A small amount of cesolvents areoften added Two types ofbinder are used in

waterborne coating$6], they are:

1) Polymer in solutionThese areoluble resins that are completedyssolvel in
water.

2) Polymer in dispersion. These arsoluble resis and theg exist asparticles
that are suspended in watesingemulsifiels. The particlescanrange between

10nm and 15Q@m in diameter

In this studydispersion resgwill be themainfocus. They are baden variety

of different technologiesThe main resitypesin useareacrylics.

2.7.1. Waterborne acrylics

Waterborne acrydis are made up afmall insoluble particles dispersed in
water. They have higher molecular weight than solvent based resins and the difference
can be up to 100 times larger. Due tarthégh molecular weightacrylics do not need

crosslinking reactions tfmrm a coherent and homogeneous film.

Solventborne polymer chains
Waterborne acrylic polymer particles (e.g.polyestern)

Figurel6. Schematic diagram of waterborne acrylic and solvdratrnepolymers
[66] [67].
56



The particleproduced are in the size rangf between 20 and 100@n containing a
number of acrylic polymer chains in each partj@@).

Figure B showshow polymer chains of solvent based resins are dissolved in
solvents whereas small, spherical particles are dispgein water which contain

several acrylic polymer chains in each partjée] [67] .

The choice of monomer and the type of stabiliser usedpnoliucespecific
properties. The resins are generatigde up of a blend between acrylic monoraeic
vinyl monomers to producelesired properties of adhesion, exterior durability,
chemical resistance, hardness, flexibility and §@3} (See Table 2)

Chemical type Example Function

Vinyl ester Vinyl acetate General purpose,
hardening
Vinyl versatate Flexibilising

Acrylic and methacrylic
ester

Methyl methacrylate

General purpose,
hardening

Glycidyl methacrylate

Dimethyl amino ethyl

Adhesion promotion

methacrylate

Ethyl, butyl, 2-ethylhexyl | Flexibilising

acrylate
Aromatic Styrene Hardness, gloss
Olefin Ethylene Flexibilising
Miscellaneous Acrylamide, namethylol | Crosslinking

acrylamide

Table2. Typical monomers used in polymerisation of watengoacrylic[68].

For a coating to form a film at ambient temperature, the glass transition
temperature (Tg), of the resin has a major influence on the minimum film formation
temperature (MFFT). Tg is the region where tlodyme undergoes a chandem

brittle to soft and pliable The amounts and types ofsolvents and coalescing agents,
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plasticisers and other additives added to the polymer or to the coating formulation have
a big influence on the MFF[B8]. Therefore most resulting polymers have Tg range
between 0 and 1%C. Below the Tg region, the polymer is haathd ha issues with
coalescing anddhesion. Above the Tg region, the polymer is,soitl ha issues with

abrasion resistance addt collection[68].

2.7.2. Film formation mechanisms

The film formationproces®f dissdved andsuspended ressns very different
[69] [70]. Emulsionsare much more ditult to control andthe process of film
formation iscritical to achievingoptimum performancg/0]. This is not the case for

solvent based coatings.

2.7.2.1. Film formation of solvent-borne coatings

NI
AN AL

Solvent evaporation
& chain entanglement

AR

Stage 1

Stage 2 Crosslinking

SRR

Figurel7. Schematic diagram of the different stages in the film formation process

for solvenbornecoating[68].
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Solvent based coatings have two stages in forming g@6h(See Fig. 1Y.
Stage oe is the bulk evaporation of the solvents from the coatmyodue a solid
film. The process is very rapid and the rate of evaporation depends on the solvents and

the environmental conditions.

The long polymer chains entangle and foanight network.About rinety
percent ofthe solvent is los [71]. Stage two is the diffusive evaporation process
whereby the remaining solvents are lost over a longer period of time. The process is
slow and is hindered by the formationtbétighter polymer network in stage oreo
overcome this, heating at elevated temperaturesoistly used, which forces the
solvents to completely escaperh the coatingand form a threelimensional polymer

network.

2.7.2.2. Film form ation of waterborne coatings

Waterborneemulsionsin contrast havéhreestages befora complete film is
formed (See Fig 18) [66] [72]. However some researchers have mentioriedr
stages, whereby thegplit stage twointo two partg71]. The exact film formation
mechanism is still open for discussif@®]. Stage one is the evaporation of the water
from the coating untithe particles comeogetherinto close contac A least 36%

volumeof water and additivearestill left in the film[71].

A continuation of evaporation of water occurstaigetwo and this results
voids within the interstitial boundaries of the particlEse rate ofvater removal can
be affected by the polar part of the hydrophilic dispersion additives, e.g. surfactants
which interact with the water moleculg¢83] will slow down the rate of water
evaporation For packing of deformed parted to occurand form a polyhedral
structure[74], theforming temperature (T) must be abotlet ofthe minimum film
forming temperature (MFFT30 that the forces accompanying the dryprgcess
exceed the modulus of the palgi@and defornthe particledo fill the voids left by the

evaporation of water.

In gagethree,the polymerparticle boundariemter-diffuse andcoalesce to
form a homogeneous and coherent fildmmpletion of the process may never occur
and the time depelency of the latex filnflormationcanbe explaired this behaviour
[75]. Most researchers have mentiotledt for inter-diffusion to occur andor afilm
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to beformed, the annealing temperatremperature that alters the ploaipropery

of a material)must be abovéhat ofthe polymes glass transition temperature (TQ)
[69] [76] [77] [78]. The molecular weight of ehpolymer[77], the time of annealing
[76] [77], the spatial distribution of chains ends near the inteffé@le and the steric
and electrostat stabilisation80] of the latex also have strong influence on the inter
diffusion capability.

Stage 1

Stage 2

Stage 3

Figure18. Schematic diagram showinbe different stages in the film formation of

waterbornecoating[68].

The main differencén film formation betweerthe two coatings is the sl@r
drying of the waterlorne coating and this may have a detrimental effect on the

performance of aretreatment primer.

2.7.2.3. Glass transition temperature (Tg)
Glass transition temperature is a temperature range, which thebtithle
glassy state of a polymer or coating changes to a rubbery one. Tq is influenced by the
SULJLGLW\ LQ WKH SRO\PHU FKDLQ VLGH&MbUWkmeEY WKDW
and molecular weight [68]. Increases in these parameters will increase the Tg.
However, the disadvantage of higher Tg is generally a decrease in ductility.
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Internal stress occurs during curing and cooling stafesating, especially
when quenching. The magnitude of the stress is influenced by the Tg of the cured
coating and is directly proportional to the difference betwhkeiig of the coating and
the ambient temperature to which it cools. This can affecthitieyaf the coating to
adhere to the substrate.

The simplest and easiest methods of determining Tg for polymers or coatings
aredifferential scanning calorimetry (DSC) and thermomecharminalysis(TMA).
DMA is another important method usexldetermie the Tg ofcoatings. It indicates
the physical mechanical propertiesthe coating, for example a high Tg coating will
be brittle in ambient temperature whereas a low Tg coating will be flexible when

undergoes forming process.

Glass transition can bexgained by either kinetior equilibrium theories
whichwere developed overnumber of yearKinetic theories are based oyrnémic
process whereby théreezing” of the movements athain segments (kinetic units)
causesvitrification, or glassification The first (solidstate) transition occurs when
localised bond and side chamstart tomove at low temperaturdsy bending and
stretching This point is called gamma transitioh ); As the temperature increases
materialundegoesbeta transitionT ) wherebyit starsto develop some toughness
due to theactivaion of localised motions that invee the whole side chain and
localised group movement($ee Fig. 1R Tg isthenreacted with further heating. At
this transition a dramatic change in propertéshe materials observed due to the

large scale coordinated motions of the polymer chains.

Group Modes
Skeletal Modes

(wi/ v\\/ P e )

V!

Bending, Stretching, Rocking Side Group Modes
Rotating, Twisting Wagging

Figure19. Schematic diagram showingde chain and group ovementg81].
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The first equilibrium is another theorfpr Tg developed by Gibbs and
DiMarzio [81]. They estimatedthat the increag in temperaturewill changethe
conformational entropy ansliggestedhat a thermodynamic seco+atder transition
is reachedwhen conformational entropy becomes zerAll conformaions are

essentially "frozen" whetemperaturés below thisposition.

2.8. Failure mechanisms of coatings

Blisteringand celamination aré¢he mostcommonfailure mechanism founahi
organic coatings. They haepparentlysimilar mechanismboweverit is unclearif
the phenomena are the sammeeach mode of failurgthere are sub classeffailures.

2.8.1. Blistering
There are four common feas associated witte blistering mechanism of

coatings upon exposure to aqueous environnj8a{sthey are

1. Fewer blisters are generated when the concentrations of ions gredkstin the

immersion liquid

2. In seawter immersion, the fluid in the blisters formed is always alkaline. The

amount of chlorine in the blister is lower compared to seawater.

3. The steelinder the blisters area is normally bright and costaincorrosion.
4. Blisteredarea arecommonly rehdted to adjacent corrosion asea

Points 3 and 4 are normally observe@xposedcoated panels.

In the majority of situations, at the weakest point in the coating some cori®sion
observed before any blistering occurred and whbere is no corrosionrgsentan
insignificant number of blisters is formed. This leads to the suggeftiothe

formation of blisterings as follows[42]:

1. Water containing some dissolved salts is absorbed by the coating immersed in
solution.
2. Primaly corrosion sites at the interface are activated when a sufficient amount

of liquid containing chloride passes through to the underlying metal.
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3. A cathodic areaurrounds this antdas a buileup of hydroxyl iors. At the
anodic arean the centre of the lgter metal oxidation occurs.

4. At the cathodic site, the alkaline environment will weaken and destroy the
adhesion of the film. The resulting product causes osmotic pressure at the
coating metal interface.

5. The substance at the interface formed during theodat reaction causes the
water to travel through a film by osmotic procg3).

Points 3 4 and Sare normally observed in coated panels on exposure.

Figure20. Photograph and schematic diagram astieirs[84].

There are three types of blistiermation in a coatingSee Fig. 20, 21 and

22), which are osmotic blistering, anodic blisteriagd cathodic blisterinf3].

2.8.1.1. Osmotic Blisering

A coating which has soluble salts at the interface can form areas of
concentrated salt solution. This area has a decrease in water level and sowagltgull
from the environment through the coatirithe osmotic pressure formed causes the
coating b blister(See Fig.21). The force exerted is in the range between 2500 and
3000 kPa, which is significantly higher than the forces of mechanical resistance to

deformation of a coating (between 5 and 40 KB&). Further expansn of blisters
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can continue if the pressure in the blister is greater thanhof the atmospheric
pressurg86].

Soluble salts

Interfacial
A water

Concentration
salt solution

Water drawn in by
Osmotic pressure

Figure21. Schematic diagram showinghasmotic blistering process caused by
contaminéed substratg42].

2.8.1.2. Anodic blistering

In a blister, there is an anodand cathodic region and the liquid in the blister
is anodic in natur¢87]. An anodic region is represented by a cde area in the
centre of the blister, initiated by chloride ions migrating through the coating at a
weakness area and producing acidic conditions underneath the coating. This produces
a reduction of ferric oxide on the steel to soluble ferrous stateirfonzinc oxide,

hydroxide and basic carbonate are formed.
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2.8.1.3. Cathodic blistering
In the presence of water and oxygen, alkali ionstheeoy-produd of the
cathodicreductionreaction. It normally occurs at a damaged area of the coating and

is as®ciatedwith corrosion88]. The corrosion causes the film to blist8ee Fig. 22

0, H,0

Figure22. Schematic diagram of the blistering and delaminagicocessef39].

2.8.2. Delamination
There are two types of delaminatitvat occurin organiccoatings. They are

cathodic and anodic delamination.

2.8.2.1. Anodic delamination

Anodic disbondment is characterised by an anode at the delamination front,
where anodic undermining desy the metal coating adhesif88]. Filiform corrosion
is the main example of an anodic delamination coating failure mechanism (See Fig.
23).

Figure23. Photograph of filiform corrosioan a paintd aluminiumsample[90].
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2.7.2.2. Cathodic delamination

The process is driven by the cathodic tesx; whereby the defect area
underneathhe coating becomes the anode and causes the dissolution of the metal and
electron liberabn. The electrons are consumed at the cathode site as the oxygen
reduction reaction proceeds, forming alkali ions. The strong alkali condition, a pH of
10 and ovef91] dissolves the interfacial bonds and cafsether lifting of the paint
(See Fig. 2% This can lead to corrosion products forming through to the surface of
the coating.

Figure24. Schematic diagram of a cathodic delamination mechaffdijn The
anodic sites representedby the defect area on the left. The cathodic site is

represented by the delaminated coating area in the middle.

2.9. Corrosion detectiontechniques

Corrosion of metals coated with organic coatings can be determined by
variety of technques. Accelerated and outdowseathering tests are commonly used
by the coil coating industry to determine the corrosion performance of coil coated
products. Electrochemical techniques are nélymased by researchers to monitor,
characteriseand determinehe extent ofcorrosion of coated metal. For general
corrosion measurementsjectrochemical mpedance spectroscopy (El8hd DC
electrochemical tests ammmonly used. For localised corrosion measurgsne
scanning vibrating electrode technique (SYE%$canning Kelvin probe (SKP)

scanningdroplet @ll (SDC) andelectrochemicahoise (ECN)are used.
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2.9.1 Accelerated and natural weathering tests

Accelerated and outdoeveathering tests are widely used by the colil coating

industry to evaluate the corrosiperformance of coil coated products. Neutral salt

spray($670 %

tests are used extensively though out the industry to obtain

overall corrosion resistance of coated metal.

Standard 1000 Ltr
salt spray chamber

Figure25. Photograph of d@ypical salt spray chraber[92].

The coated metals are prepared and placed onto panel racks at arfotond 90

the rack(See Fig. 2h The panels araormally tested forl000 hours, continuously

sprayed with 5@/ sodium chloride solution at a coast temperature of 3% and

pH around neutralAt intervals during the testnd after the test, the panels are taken

out, andvisually inspected for corrosion. Cyclic salt spray tests are also available in

order to obtain more realistic conditmnThesancludeprohesion and VDAEN ISO

119971) [93].
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Constant climate humidity % 6 3DUW Y}ests are used to assess the
resistance of coatings against humid condit{8ee Fig. 2h The tests are normally
ranfor 1000 hours at00% relative humidity at 4%C. At intervals during the testnd
after the test, the panels are taken auot inspected for blister, corrosion products,
colour, and glossCyclic humidity tests are also available in ortlerobtain more
redistic conditiors.

Figure26. Photograph of aypical humiditychambe94]

Outdoorexposure sites such the ones in Brastl Bohus Malrin arealso
used by the industry. Both locations are a Cbgmatesite based on EN ISO 12924
which meas thatthey are in a marine environment with high salt content. The
classification is based on weight loss of steel and galvanised materials C1 is low, C3
is mediumand C5 is high. Bohus Mafin will be used irthis projectand the site is
located on the &ith West cast of Sweden, with a typical North West European
marine climatgSee Figs. 24 and 25T he site belongs to the Swedish Corrosion &
Metal Research Institute (KIMAB) and is classed as a C5 site foosioity due to

the aggressive marine environment and somgpg®Qution from a nearby factory.
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Figure27. Photograph oBohusMalmén exposure site with exposure racks &t 45
South facing.

" | — F _
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Figure28. Photograph oBohusMalmon exposure site with exposure rack at 90

North facing.
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2.9.2 Electrochemical Impedance Spectroscop{ElS) [95]

2.9.2.1EIS theory
EIS describes the response of a circuit to an alternating c(A@hor voltage
as a function of frequency or tim€he resistance at zero frequenieydirect current
(DC) circuit obeys OnP TV O B=4R),(where E is the potentiaheasured in volts
(V), I is the currenmeasured in amperes (And R isthe resistance whiatescribes
howthe flow of electrons in the circug impededD QG LV PHDVXUHIGSLQ RKPV
is not the casevhen the frequency isot zerothe equation nowsesZ instead of R,

Z representetheimpedane of an AC circuit.
E=IZ (39

Impedance is now measurenentof components thaimpedethe flow of electrons in

AC circuit. The resistor, capacitoand inductorare theimpedng components

/ \ N

Figure29. Schematic diagram showing theaweforms of theppled potential (E)

and theresponse of the current in AC circuit.
Equation to describe thresultingcurrent sine wave:
It)=Asin(Z2+ ) (40

Where I(t) is instantaneous currenfy is maximum amplitude,Z is frequency in

radianV . SHU VHFRQG El ZKHUH | LV I[UHTXHQHS PHDVXL

phase shift in radians.
70



AC current (1) androltage (E)vectorsexpressed as:
ITota = 1"+ |"j (41)
Etota = E' +E" (42)

Where the real componentrepresented by I', the imaginary componemnémesented
by I" and j is —1. The two components of the current are defined with respect to the
voltage waveform, where the real component is essphwith the reference waveform

and the imaginary component is 90 degree out of phase.

Zrom = E"+ E"J/ 1"+ 1" (43
AC impedance (Z) expressed as:

Zroa =2+ 2" (49

The absolute magnitude of the impedan@) and the phase angle (tal can be

expressed as

2| = 22+ 2 (45)
tan T=2"/ 7' (46)
=1
Z]
=11

Figure30. Schematiadiagram showing &ector in terms of one (X and Y
coordinates), two (anglel{ and magnitude Z]) coordinates) and three (realand
imaginary ") coordinatek
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Hence the impedan@an now beexpressedor various electrica¢lementswhere the
resigor, capacitor and inductor have different impedance equatiso that total
impedance of a circuit can be determinédr elements in series, the total impedance
Is the vector sum of the individual impedasdeor elements in parallel the admittance

values are added together.

The impedancef a coatingcan be determined lgadng and calculahg from
the plotted spectra However, this is time consumingfitting model is used to obtain
the equivalent circuit model and then the impedaibe plot give anindication of
impedance (real and imaginary) compadneaduesand the phase shift behaviour as a

function of frequency.

Painted metals can be expressed as electrical components of resistance,
capacitance, inductive behaviour or shapes representifiigsion of reactants or
products to and from the painted metal surf#tds.important thatlie components are
recognised in impedance plots so that values and models can be determined for painted

metals.

2.9.22. Equivalent circuit models[96]

2.9.2.2.1. Equivalent circuit models ofsimple resistor (R), capacitor (C)

connectedin series

-
ial
F I
1e3 4e-T
bt o - %
-
=
E re e =
2 pal S ent b
I i |
o 04 0B Aoz
3 |kohrd

Figure31. Schematic diagramshowingan equivalentircuit containing RC in series

(a). Nyquist (b) and Bode (a@npedance plots of this circuit.
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Figure 35 showsa simple RC circuitonnected in serigthe components can
be obtained froneitherthe Nyquistor Bode plots(see Figs. 31b or 8), which is
illustrated in modulus impedangeolid line) and phase angldgslash line) A pure
resistorhas asingle point on the axis of the Nyquist plgtwhich isin the complex
plane. For a pure capacitor, it lmsgertical line at a = 0 and can be calcuddtg using

the value of b at any frequencigsaccording to equain below.
C =1/(29b) (47)

In a Bode plot, the pure R has a straight line parallel to the log f axis which
indicates that the impedance is independent of frequency and has no b value. The line
then interseaat logmodulus (r) axis. For a pure C, it has a straight line of slbae
log r, and can be determined from the modulus at any frequency wiestope of
the curve is1 (See Fig.28c). The modulus is inversely related to frequency and the

value of phase @te is-9(° at allfrequencies
C =1/(28r) (48)

C can also be determitién a special case when f = 1Hz and r = rO by using the
equation in 5.

f=1,r=r0=1/(2) (49
Thetwo componats illustrated as a dasthline in phase angle®ode plot show that

at-90°represented capacitor and at@epresented a resistor.

A capacitor is made of two conducting platesasated by a neoonducting
medium(dielectric). The values are depentlen the size of the plates, the distance

between the plates, the properties of the dielestedium and is expressed as:

c= K (50)
5= Electrical permittivity(vacuum = 1)

H= Relative electrical permittivityr dieledric constant(water = 80.1F m and

organic coating =8 F/ m)
A = Surfaceareaof one plateor sample (crf)

d = distances between two platescaating thickness (cm)
73



A simple RC circuit can be usedrepresent a metaxposed to an electrolyte
and covaed with an undamaged coatimgth a very high impedance. The coating
behaviour is purely capacitive and the circuddel ofthecoating physical properties
Is shownin Fig. 32

Solution Coating Metal substrate

CCoat

Figure32. Schematic diagrarehowingcoating phgical properties circuit model of a

perfect painted met§7].

2.9.2.22. Equivalent circuit models of simpleRC connectedin parallel
In a simple RC circuit connectedn parallel(See Fig. 38), the Nyquist and

Bode plots ardifferent to theonesconnectedn seriesResistancés still determind
using the Nyquist plo{See Fig. 33pat the a axi®of the end of the frequency arc
shown as Rand the capacitor is obtaineat maximum b valu®y using the equation
below.

f bmax= 1/(2 RC) (51

C =fomax2 R (52)

In a Bode plot, the resistor is obtained from the straight line parallel to the log
f axis and the intersecting the log r axis (see Fig. 30c). The capacitor is didtgiine
using the equation . The two componentareillustrated as dashed line in Bode
plot, phase angles show that-a€° represented capacitor, and at’@epresented a

resistor.
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Figure33. Schematic diagram showing anwggalentcircuit containing RC in

parallel (a). Nyquist (b) and Bode (c) impedance plots of this circuit.

2.9.2.23. Equivalent circuit modelsof metal/ solution interface(Randles cell)

Figure34a showsanequivalent circuit model ahe metal/ solutioninterface

and the component values obtainezhirthe Nyquist and Bode plotsg&Figs34b or

34c), which is illustrated asiodulus impedance (solid line) and phase angles édash

line).
lak fc)
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Figure34. Schematic diagram showingnaquivalent electrical circuit model of
metal/ solution interfacéa) and its Nyquist (b) and Bode impedance (c) plots.

The Nyquist plot shows a semicircle because the electrical components are

connected in parallel. The resistance of the electrolyte sol(Rigyrand surface film;

Rt (metal charge transfer resistance) can be determined from the two end points of the

semicircle. R represents the corrosion resistance of the metal in the absence of
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diffusion/ adsorption processes and is obtained from = Total Cyrepresents the
electrical double layer capacitance at the metal/ solution interface and can be
determined from equatio®3) at maximum b value of the semicircle.
Ca=1/23 bmaxRe (53

The modulus,Bode plot shows thiaRo, and R + R: can be determined from
the two log r axis at low and high frequencies of the cufhe. capacitor causes the
curve to slopewith a gradient of-1 between the two resistors at low and high
frequencies. It can bef calculated by using thequation in Fig34c. Ro, and R are
show as dagddline in the phase angle, Bode plahd are representedadashed line
approaching zero log r at low and high frequencies, in between them is the capacitive
behaviour of @, which is rising towards9(° at intermediate frequencies.

Most pains degrade over timewater penetrates in the coatirgdresuls in

a new liquid/ metal interface with no corrosion activity.Randles model and the
circuit model of coating physical propertiesusedto modelthis behaviour (seEig.

35).

Solution Coating Metal substrate

C(:oat

_[\/\/_ Pores

Rsol

Rpore

Figure35. Schematic diagram showingating physical properties circuit model of

an intact painted met§d7].

2.9.2.24. Equivalent circuit models of painted metal

Mikhailovskii and ceworkers first proposed an equivalent circuit model for
the painted metal/ solution interface and included the paint film parameters to the
circuit is shownin Fig. 37[96] [98]. The mmponents are:

Rorepresents the resistance of the electrolyte solution.
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Cyt represents the capacitanmfeanintact film [99] and can be used to determine the
water uptake of a coating equation 54100].

Xv=Volume % HO =100 log (¢C ) / log (80)  (54)
Xv= % of water absorbed in an organic coating

C, = coating capacitance after some exposure time
C, = coating capacitance at time zero when the exposure begins

log 80 =dielectric constanbf water
Organic coatingdo not behave as perfect capadtdheyleakover time andehave
asa constant phase element expressed in equé&in (

Zcpe=1/IC(j2 ™ (55)
C = Capacitor(Farad)
j =imaginary unit j =—
Z= Angular frequency(rad s')

n = An exponent which equals 1 fon &eal capacitor.Non-ideal behaviour is <1.
Zero represents an ideal resistor.

R represents thporeresistance of a film to electrolyte penetrati®8] [99]. A lower
resistance indicasghe film has been penetrdtby electrolyte and caused the film to
be damaged. It can also be duehe influx of electrolyte to holes opre-existing

porous areaue toinadequate crosslinking of tloeating[96].

ions

JL L R P T R T T )
metal

SE
H
&
)
)
H
@

N
adsorption zone iffuse layer

Figure36. Schematic diagram showingha&xample of a double laygr01].
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Cq represert the doublelayer capacitance of a coating. It exists at the interface
between the metal and surrounding electroljteeions ofthedoublelayer argormed
by charge attraction to the metal surface and the charges between the two are separated

(See Fig.37). It alsoindicates the preseaof water at the coating/ metal arface.

R: represents the charge transfer resistance or polarisation resistance of the metal
substrate to corrosion. It is inversely related to corrosion rate of the substrate and a

lowering ofthis value indicates corrosion a&ccurring

K
rlonm}

2T fononin Kot
_____ =1/ 27 fyenani 3 7

b (kohm)
g

a 200 400 600
a (kohm)

Figure37. Schematic diagram showinghaquivalent electrical circuit model of
painted metal/ solution interface with distinctive separation of the paint film and

metal component&), and its Nyquist (b) and Bode impedance (c) plots.

Figure 37a shows an equivalent circuit model of painted metal/ solution
interface and the component values obtained from the istygod Bode plots (See
Figs. 37b or 3@), whichareillustrated in modulus impedance (solid line) and phase
angles (dashed line). Ehtime, the Nyquist plot is made up of two semicircles with
time constants, unit in seconds for the paint filgy) @nd metal ¥ as expressed in
equation below.

W=Ror Cor, W=R Cd (56)
The first semicircle represesthe paint film when > W whichin mostcassoccurs
at higher frequencie3 he second semicircle represshie metaht lower frequencies
The semicircles appear as two distinct skapdy as long as it follows the criteria

below:
78



" BRyt (57)
Cor;, Wi W t20 (58)

For two distinct semicircleso be apparentequation57 indicates that their
diameters aresimilar to each other and themfx values (fmax = 1/2SYVfor each
semcircle is not too close to one anotles expressed ingaation 58 If these two
eqguations are not obeydtlere will bedifficulty in distinguishing the two semicircles
from each othercausing difficultyin determining the individual componendf the
equivalent circuit. This is clearly illustrated in Figjz, whereas-ig. 38ill ustratswhen

the criteria is not met and separation is indistinct

Figures37c and38c show the corresponding Bode plots of Figjg and38b,
which contairthreeregions highe frequencies represemiformation about the paint
film and lower frequencies represenbformation about the metal. At the mid
frequendes a slope reduction at section of the lamirve is present and represetis
separation of the semicircles imgB 37b and38b. If equation 58s not obeyed, the
slope observed in Fi@8c at (R + Ryr) will not be distinguised enough to be seen in

Fig. 38c. Instead a timp may be observed on the central upward slope of the Bode

plot.
a
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Figure38. Schematic diagram showingnaquivalent electrical circuit model of
painted metal/ solution interface without distinctive separation of the paint film and

metal component&), and its Nyquist (b) and Bode impedance (c) plots.

The £paration of th semicircles iglearly illustrated by the two phase angle

maxima at ax and Taxn) in the phase angl®ode plot of Fig.37c, but difficult to
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obtain wherthey merge together in Fi§8c. However the phase angle Bode plot is
probably the most sensie method for determining the presence of shape abnormality
[96].

After sometime, the new liquid/ metal interfadermation causes the substrate
to corrode and theircuit model of coating physical propesi is used for this
behaviour (8e Fig.39).

Figure39. Schematic diagram showingating physical properties circuit model of

degraded painted met{&@7]

2.9.2.25. Diffusion impedance

A model which include Warburg impéance &) is normally required foa
painted metal/ solution interface tepresent the processes of diffusion within pores
of painted film. syis defined according to equation (6&pnnected in series withy R

but may or may not be parallel with the d@ulayer capacitance.

= = VZY2(1-j) (59)
V= Warburg impedance coefficient (ochi#s
Z=29 (rads?)

Figure 4@& shows an equivalent circuit model of painted metal/ solution

interface in the presence afdiffusion processand the cmponent values obtained
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from the Nyqust plot in Fig. 4(. Bode plos illustrating modulus impedance are
Fig. 4@ andasphase anglen Fig. 4Gd. The componentalues are the same as in Fig.
37a andthis timeinclude Z,, which range from 0 to ¥@or Vvalues.In the Nyquist

plot (Fig. 4(b), the following curves are explained below.

Curve 1, whereV= 0, it is same am Fig. 3&.

{c)

0" g

r lghm}

1! o3 10* 0°
fiHz)

b (kohm)

O (degrees)

a (kohm)

Figure40. Schematic diagram showinghaquivalent electrical circuit model of
painted metal/ sotion interface in the presence of diffusi@) and the effect of
varying diffusion coefficient on the curve shapes in Nyquist (b) and Bode impedance

(c) plots

Curve 2, whereVhashigher values than 0, at the second semicircle, a diffusion tail

begins taappear at the low frequencies.

Curve 3, whereWalues are similar toRhe diffusion tail startotoverlap the second

semicircle

Curve 4 where Vincreases furtheand he diffusion tailis more severeand forns an

incline at an anglef 45° to theaxis at low frequencies.
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Curve 5, whereVis significantly larger than {Rthe diffusion tail completely distorts
the second semicircles. This occurs when the diffusion processes are slower than the

metal charge transfer reaction.

Figures 4@ and 4@ show the correspondinBode plots of circuit in Fig. 49
When the V= 0, no diffusion impedance is presenttgs is represented by curve 1
and the behaviar is purely resistive in Fig. 40and the correspod) results in phase
angle is a curve approachizgro in Fig. 4d. As diffusion impedance increases the
spectraare no longer horizontéb the low frequencieaxisresulting in curves going
upwards reaching a spe maximumof -1/2 for curve 4The phase angles decrease
from 0 down to-45° for increassin diffusion impedance in Fig. 40

If the diffusion impedance increases further Bedomesignificantly higher
than R as in Fig. 40, curve 5 at low frequencies around 0.3 H3zJope of-1/2 is
formed which goes to a steeper slope higher frequeties of up to 30 Hz.The
equivalentphase angles in Fig. df curve 5 then approach5’at 0.1Hz for low

diffusion impedance.

2.9.2.3.EIS studies of coil coatings

There are number @&IS studies otoil coatingsbased on solvebbrneor
waterbornesydems are availableto view [11] [32] [45] [71] [102] [103] [104].
However theravasno research articléound that isspecifically about pretreatment
primer investigated by EIS. In this section avfexamples of the work that hbhsen

done on coil coatingmvestigated by EI&reshown

Three approaches habeen used totsdy coatings byEIS [102]. The first
approach is based on continuaubmesion of architectural coatings in electrolyte
solution, which ignores the real world situation. Soshedies included dilution of
electiolyte solutionintendedto simulate contaminated rawsater oracid rain.This
approach is one justificatiocl usebecause it caaccelerate coating failures to form
disbondment blistering in the undamaged areas and delamination at the edges of
deliberaely introduced scribe lines applied through the coating and into the substrate
[32] [103] [105].
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The second approach uses a modifiedediric sensor or a small degithat
has been dubbed a tiroé-wetness sensor, which has ordgentried by a few
investigatorsMore recently, the third approach involved using a combination of EIS
measurement during the exposure in salt spray chamber and QUV cabinet to simulate
arealworld situation[102] [106].

EIS data can be expressed as Nyquist and Bode of modulus and phase angle
plots. A typical coil coating based on chromate (Cr) containing and chromate free (Cr
free) syptems exposed over time can have the following spectra (See H§2B E)g.
41a shows the Cr containing coil coating deteriorated over time in both modulus and
phase angle Bode plots, which revealed a second time consthetlaw frequency.
Whereas the CGiree coil coating shows no deterioration in the modulus Bode plot.
The phase angle Bode plot is a more sensitive parameter and shows the coating is
stabilising after 60 days of exposure.
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Figure4l EIS spectra of (a) Cr comteng and (b) Gifree coil coating systems

Another example was theork done by A. C. Bastos el [107] where the
formability of coil coatings wasssessed by EExposurever time (See Figl2). Fig.
42a shows an unstrained sample exposed up to 50 days. In the modulus Bode plot the
coating remained capacitive in response during the first 15 days of exposure and the

resistance was above 10Y F°PAt 21 days and beyond, tivapedance decrease
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significanty at the low frequency and revealed a reduciimicoatingprotection In

the phase angle Bode plot, a second time constant appeared at the low frequencies,
revealing the existence of cosion underneath the coating ekposure timesf 30

and 50 days

A B

Figure42. EIS spectra obtained for an unstrai@pand strainedb) coil coatings
exposed for 50 days

Fig. 42b shows a strained sample with 19% uniaet@igdion exposed fob0
days.In the first stage, the coating has a capacitive response and over a short time
developed into a second time constant as the total impedance of the system decreased
rapidly from 3 hours onward. The impedance of the strained samagld 0'° Y F°P
compared to 18' Y PFRor the unstrained sample in the first stage of submer#tion
decreased more rapidly over tinad the coating resistanceached values of
approximately 1d Y F?Pwhich revealed a highly degraded coating withrasion

products.

The performanceof coatingstestedover time can be assessbyg using
approximately nine EIS data parameters, three are available from the Bode phase plot
and up to six arevailable from the Bode modulydot [102] The six selected for this

investigatios are: (a) water uptake (X (b) the total or maximum impedance (4,)
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which is usually measured at 0.1Hz, (c) film resistangg,(Rl) coating capacitance
(Qpf), (e) polarisation resistanceRnd (f) duble layer capacitance {QThe water
uptake was determination using Brasher and Kingsbury equa@iop The other five
parameters were determined by usafgting software for data analysis.
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2.9.3. Focused ion beam/scanning electron microscope

Scanning electron microscopy (SEM) leenin usesincel942, described by
Zworykin et al[108]. It was commercialised in 1965 and tens of thousands of SEMs
are in use todajl09]. The basic SEM instrument consist of a vacuum system and
chamber, an electron source, an electron column, a sample stage, detectors, and a

computer to run the complete instrument as illustrated indBig.

E-beam
Anode € source
Gun align
Lenses coils
Scan andtig
coils
Lens
_ Detector
€ impact area
Secondary
electrons

Sample

Figure43. Schematic diagram showingpical components of a scanning electron

microscope systefd 10].

It allows the observation of surfaces of materials by scanning them with a beam
of focused electronsThe primary beaminteracts with the sample and produces
secondary electronsvhich are low energy electrorthat are detected using an
EverhartThornley detector. This ithe most commorimaging mode in usand it
generateprimarily topographical informatiari-or imaying of contrast between areas
with different chemical compositiotiackscattered electron detectisrused which
can discriminat@lements ofliffering atomic numberHigh atomic number elements

appearbrighter thanlow atomic number elementdue to thegreater number of
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backscatteredlectrons produced.Haracteristic Xrays and othephotons of various

energiescan also be detectgdl08] [109]. The images displaying the topography of

the surface can range from 2D to-8Ke models at typicalateralresolution ofl-5

nm for a field emission electron sourcgemission of electrons induced by an

electrostatic fieldand 18050 nm foratungsterelecton sourcgemission of electrons

by a tungsten filament in a low pressure mercury gas discharge [&@&)) For X-

rays the typicallateralresolutionis between 0.2 and 5um. The resolution depends on

the atomic number of thdeanent as well asts density andthe accelerating voltage

of the SEM[108].

Secondary Electrons (SE) -
Shape Information [Snm]

Backscattered electrons

(Comp - BSE)
Atomic number information (£)
[400nm)]

2 pm
Interation
Volume

Beam Diameter @ = [2-200nm e.q. 50nm)

8- (primary electron beam)

K-rays
Element Information
[Microns]

{atoms)

Specimen

2 pm

Figure44. Schematic showingmatial resolution of SEMourceg111].

Figure 44 shows therteraction volume ofin SEM. At the surface of the

sample or topmost part of the interaction volume, secondary electrons are produced

and thetypical spatial resolution is around rim. In the top half of the interaction

volume, backscattered electrons gm@duced and thetypical spatial resolution is

around 400hm. The whole of the interaction volume genesaterays and the typical

spatial resolution is of the order of a femcrometres

The focused ion beam (FIB) systems hheenin usesince the 19 {M12].

Theinstrument consists of a vacuum system and chamber, a liquid metal ion source,
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an ion column, a sample stage, detectors, gas delivery system, and a computer to run

the complete instrument dlistratedin Fig. 45.

FIB typically use a beam of finely focused galli@a") ions at a range of
energiesvhichallow the FIB to make a precise cut or crgsstion, tak@animmediate
image and deposit conductive or insulating materials onto the sample A&

[114] . However, he destructive nature abn beam(Ga’) imaging is amajor
drawback[114]. The technique is used extensively in the semiconductor industry for
the febrication of modern semiconductors and other types of electronics by imaging
and nanemachining of devicefl15] [116] [117].

lon-beam
Suppresser Ga' source
Extractor
Octopole Lens
alignment
Blanking Blanking
plates aperture
Octopolefor Lens
Stig & scan
Ga" impact area Detector
lons or
electrons
Sample

Figure45. Schemaic diagram showingypical components of mcusdion beam
systen]110].

Thesetwo techniquesSEM and FIBhave been combined in the last twenty
yearsandused to locate and analyse ssface defectsA combined systemallows
samples to be prepared, imagadd analysed resulting in saved time and ojeap
new application areas.h& ion beamis primarily usedfor precision milling
(destructive for imagingand electronbeam for nondestructive, high resolution
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imaging and monitoring ofthe crosssection face while the FIBemoves material,
NQRZQmiDNVQ|UT3]. The two beams complement each other in protective
depositions, delineation of cross sections, charge reduetmgnimaging inforration
[114]. Also included is the ability tperformmicroanalysif anareaof interestusing
energy dispersive Xay spectroscopy (EDS)which gives elemental information
about the samplg.13].

Figure46. Photograph showingn FEI Quanta 3D FEG FIB/SEM system.

electron gun

detector >N

ytilt stage

vacuum_chamber

Figure47. Schematic diagram showingrRiB/SEM systenj118].

Figure48. Photographs showingstage with a sample (left) and chamber containing

different sources (right).
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Figure49. Photograph showing sampletiltedat 53 for milling.

FIB/SEM has the ability to reveal small voids or othegifeafeatures without
causing significant surfacedamage to sampless compared to conventional
mechanical sectioning methodihe biggest drawbacks are that only small samples
can bemachinedand the process is very time consuming. Other problemsiatsa
with the technique are related to charge damage and artdfattan be generated
due to striations and redepositidi4]. However stefscan baakento minimise these

problems by altering the acceleratingitage and beam current.

Much of thepublishedvork related to FIB millinghasreportedhe preparation
of samples for transmission electron microscopy (TEMP] andalsoinvestigaing
crosssections of different materialgl20]. Typically, the work has been applied to
inorganic systems. For polymeric materjadimited number of investigations have
been reported on polymer film thicknessés, characterisation aluminium spheres
dispersed in a low density polyethylene matrand the damage caused to
polycarbonate by FIBL17][120][121] [122].

FIB/SEM will be used to prepare cressctions of corroded sample by milling

and then imaging and analysing the corrosion products.
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Chapter 3. Methodology

3.1. Materials

3.11. Steel substrates
HDG steet supplied from Tata steelere used as substrate$he two

differert types of HDG steels supplied were:

1) Unpretreated HDGteel with a 15um galvanised (zinc) layer each side.

2) The steel supplied was already coated with a chrefmeg¢eprimer. The
substratevaspretreatedvith chromatefree 1455Tconversion cating which
is mainly madeof phosphoric acid with titanium/ zirconium fluoro complexes

and watersoluble polymers.

The thicknesses of the steels wbetween 0.49nm and 0.69nm and the galvanised
layer was between 15 ar@D um. The unpretreated subseéstare normally greased

with oil to prevent corrosion.

3.1.2.System information

Table3. Information d the 4 systems
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3.1.3 Primer information

Composition

1 Solvent-borne PE/Melamine Organic/others = 71.4%

primer with Cr-free anti- TiO, = 17.7%; C303 = 7.4% (Ca = 0.2%)

corrosive pigment (calcium ion  SiO; = 2.0%; H3PO, = 0.95%

exchange silica) BP 243TU S(=0),--OH = 0.25%; DBTL = 0.3%
2 Water-borne pretreatment Organic/others = 96.78%

primer clear without anti- C,H,PO;H,: CH,=CHCO,H =2.92%

corrosive pigment Phosphate type dispersant = 0.26%

Na sulphosuccinate type wetting agent = 0.04%

3 Water-borne pretreatment Organic/others = 73.7%);

primer with Cr-free anti- C303 (Si0,) =23.3% (Ca=0.70%)

corrosive pigment (calcium C,H;PO;H,: CH,=CHCO,H =3.0%
ion exchange silica)

4 Water-borne pretreatment Organic/others = 75.04%
primer with Cr-free anti- C303 (Si0;) =21.44% (Ca=0.64%)
corrosive pigment (calcium H;P0,=0.28%; H,F;Ti=0.24%.
ion exchange silica) and C,H;PO3H,: CH,=CHCO,H = 3.0%
Passivation

Table4. Composition of the 4 primers.

The primers of sstems 2, 3, and &£¢eTable 4) were manufactured and supplied by
Beckers.9LQ\O S KR VS EdRligla€id bdpblgner formula is shown below:

9LQ\O SKRVSKRR@R2HKF DFLG

Acrylic acid: CH,=CHCOH

3.1.4 Topcoat
The topcoat used waspalyester/ melminecrosslinked withacid catalysd

reaction(372/0718) manufactured and supplied by Beckers

3.2 Cleaning of substrate

A Waltons of Radcliffe guillotine was used to cut the unpretreated HDG steel
to the requireddimensions It was paramount to have dean surface before paint
applicationwhereby the oil, greaseorganics and oxides are removed from the
substrates so that optimum adhesion of paints to the substrates can be adbieved.
achieve this, the paneBHUH S O DIF5HRGV D QAXORHWDMY DQRND Q X I BEW X U H
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ODWWBN¥FKLQHQ ,QGX\HWHULHWHF EQ BMIBIVSDDFHG LQVLG
FOHDQLQJ WDON—GSHLR\@MWHUDW EDU SUHVVXUH IRU
DW D WHPSHEBDWWHH R OMOH SO WOW B8 BRHXWKH FOHDQ
WDQRGLSSHBULMW FFRVQWNLRDQHUS WKLV ZDW WAHHSWH D W H
$ QDO ULQVH ZLWK VSUD\HG ', ZDWHU IRU VHFRQGYV
VROXWLRQ ZDV ULQVHG DZD\ 7KH LEDWHU ZPQY EQWZQ
FRPSOHWULHG VXUIDFH RI VXEVWUDWH ZDV REWDLQHG

Shower head A S

Figure50 BKRWRJUDSK AKHRZXQRQJIIDWDQN ZLWK ', ZDWHU
3.3. Paint application, panel preparation, and EIS cell constructions

3.3.1. Paint application and panel preparation.

The pretreatment primewere applied onto theleanedmetal panels using a
RDS 10 stainless steel wire rod to give a dry film thickiiB$d) of 4 um. The panels
were baked in a high efficiency R&D Bird aiirculated convectio oven ata
temperature of 27Qf for 10 seconds, which correlated tpeak metal temperature
(PMT) of 99°C measured by using Thermax strip€be coated panels were quenched
on a magnetic metal block and left to cool.
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A polyester/melamine topcoat wagpdied onto the primed coated panels using
a RDS 28 bar to give BFT of around 2Qum. The panels were baked in the oven at
temperature of 270C for 35 seconds, which correlated to a PMT of 266 The
coated panels were quenched in a cold water battheanddred with an airgun. The
panels were then cut tequired dimension and then put on tests for EIS, neutral salt
spray, humidityandoutdoor exposure &ohus Malndn, SwedenPanels for system
2 to 4 were cut to 13 im x 250mm. Panels for systefhwere cut to 150nm x 220

mm.

3.3.2. Preparation for EIS cells on panels.

The top left corner of both sides of the coated panel was sanded with a P120
coarse grit paper initially and then smoothed with a P1200 fine grit paperHig.
51). It was essentigb remove all of the coating so that perfect connection with the
working electrode was obtained otherwise interference was observed in the EIS
spectra. An acrylic tube with area of 13 8% was placed on top on the panels and
sealed with beeswax. The lsg&x was melted using a hot plate and then applied by a
small paint brush onto the acrylic/ panel area. This process was repeated 3 times for

each panel.

Figure51. Photograph showing panel of system 1 with 3 cells.
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3.3.3. Preparation for EIS cells on panels exposed in humidity and neutral salt
spray chambers.
The top left corner of both sides of the coated panel was sanded with a P120
coarse grit pper initially and then smootheudth a P1200 fine grit paper €8 Fig.
52).

Figure52. Photographs showingstem 1 panel of which one was unexposed (left)

and the same one after exposure in humidity with a cell sealed with Blu Tack (right).

Figure53. Photographs showingsten 1 paned wereunexposedleft) and the same

one after exposure in neutral salt spray with a cell sealed with Blu Tack (right).
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It was essential to reme all of the coating so tha¢qfect connection with the working
electrode was obtained. An acrylid&uwith area of 13.85¢hwas placed on top on

the panels, markea@nd sealed with Blu TacBlu Tack was used so that the cell can

be deconstructed without causing damage to the coated panels and then returned back
on exposure. Whereas beeswax will affgds. Care in construction of cells ag

needed to ensure perfect seal. Thiscess wasepeated twicéor each panel

3.3.4. Preparation for EIS cells on panels exposed in Bohus Malin

The top left corner of both sides of the coated panel was sanded ®ikRO
coarse grit paper initially and then smoothed with a P1200 fihggper (®e Fig.
54). It was essential to remove all of the coating so that perfect connection with the
working electrode was obtained. An acrylic tube with area of 1885vas paced
on top on the panels, markexhd sealed with Blu Tack. Care in construction of cells
was needed to ensure perfect seal. This process was repeated twice for each panel.
Two panels were prepared for each system. One panel was for South facing and the
other one was for North facing, which was bend on the top left and right coBears (

Fig. 54 right sidg. This allows the panel to hang onto a rack &t 90

Figure54. Photographs showin§outh (left) and North (right) facingapels of

system 1.
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3.3.5. Degree of blistering assessment

The panelexposed in accelerated and outdoor weathemeige assessed for
the degree of blistering using ISO 4622003 where the classification is based on
the size and quantity of the blistefe blisters size start frothe smallest 2 to the
largest 5 and the quantity staftom fewest, SZo densestS5 (See Figs. 55 & 56
showing examples of siZzand 5 classifications

a) Quantity (density) 2 — 2{S2) b) Quantity (density) 3 — 3{S2)

c) Quantity (density) 4 — 4{S2) d) Quantity (density) S — 5(S2)

Figure55. lllustration ofblisterssize2 classification
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c) Quantity (density) 4 —4(S5) d) Quantity (density) 5 — (S5}

Figure56. lllustration of blister size 5 classification.
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3.4. EIS measurements of coated panels

3.4.1. EIS measurement of a dummy cell

A Princeton Applied Research dummy cell consisting of a capacitotwand
resistors was measured at the start of each day of investigaii@msure that the
Parstat 2273potentiostatand the connection electrodes are working correctly.
Furthermorethe procedure could detect if there was any other interference from the

environment, such as electricity from the maiasd other electronic equipment.

A sigral amplitude alternating voltage YA of 10 mV root mean square (rms)
with respect to the open circuit potenti@CP)was applied to thdummy cellfrom
the counter eleadde.The perturbations were applied ovefraquencyangebetween
10 mHz to 100kHz andthe responseecorded a0 data pointsThe raw data
expressed as Nyquist and Bode plots was compared to the results given by the

manufactureand if the results weneot the same corrections were needed.

Counter 125‘,:‘ Working
electrode i = electrode

Reference Sense
electrode electrode

Figure57. Photograph showing dummy cell with connection points for the

different electrodes.

3.4.2.EIS measurements of coated panels with cells.

Each cell was filled with aolution of 29 %w/v (0.5M) sodium chlorideand
then connected to a Parstat 2273 potentiostat with a lock in am@ibeminute delay
was used before each measurement to allow the system to stdbdiseeasurement

was madeusing a classical three electrodes ageament consisting of a saturated
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Calomel electrode (+042 V vs. SHE), a platinum counter electro@md the test

sample as a working electroffgee Fig.58).

A sigral amplitude AVof 10mV rmswith respect to the open circuit potential
was applied to theample from the amter electrode. The saturatedl@nel electrode
and the sample substrate were used to monitor the resulting voltage response. The
perturbations were applied ovefraquencyrangebetween 10nHz to 100kHz and
the responsescorded a$0 data points. The raw data were expressed as Nyquist and
Bode plots.EIS maasurements were made at 0, 24, 48, 72,192, 240, 408, 50
750, and 1000 hours. After EIS measurements, the cells were coveredPauittfibn
M made by Bemis to prevent evapton of the electrolyte solution.

3.43. EIS measurements of coated panels exposed in neutral salt spray and
humidity chambers.

Each cell was filled with aolution of 2.9%w/v (0.5M) sodium chlorideand
then connected to a Parstat 2273 potentiostat witlock in amplifier. The
measurement was madsing a classical three electrodes arrangement consisting of a
saturated calomel electrode (+82% vs. SHE), a platinum counter electroded the

testsample as a working electrode.

A sigral amplitude AVof 10 mV rmswith respect to the open circuit potential
was applied to the sample from the counter electrode. The saturated calomel electrode
and the sample substrate were used to monitor the resulting voltage response. The
perturbations were applied ovefraquencyrangebetween 10nHz to 100kHz and
the responsescorded a$0 data points. The raw data were expressed as Nyquist and
Bode plots.Also measured was the open circuit potential of each cell by using a
Thander TM 531 multimeter and a Parastat 2273

The panels were measured by EIS at the start (unexposed) and then placed back
in the salt spray chamber for testing whereby the panels were sprayed continuously
with 50 g/l sodium chloride solution at a constant temperature 8€38d pH around
neutral Before doing so, the temporatyeecells were taken off the panels and the

top left corners of the panels were covered with a PET film containing adhesive to
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allow it to stick to the panel and stop the substratasgbexposed to the testing
environnerts. This was repeated at 24,42, $, 192, 240, 408, 508, 750, and 1000

hours.

Panels exposed to humidity were measuaned tested the same way as neutral
salt spray panels. Only difference was the testing environment, whereby the panels

were subjectetb a continuous fog of 10% relative humidity at 40C.

Figure58. Photograph showing elassical three electrodes arrangement consisting of
a saturated Calomel electrode (+0.24%s. SHE), a platinum counter electroded

the testing sample as a working electrode.

3.4.4.EIS measurements of coated panels exposed in Bohus M&lm
The panels were measured by EIS using the same procedure as in 3.3.3. Once
measured theemporary cells were taken off the panels and the top lefiecof the
panels were covered with a PET film containing adhesive to allow it to stick to the
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panel and stop the substrate being exposed to the testing environments. The panels
were then sent to Bohus Mabm for outdoor exposure, returning each yearHEt$
measurementst takes about -3 weeks to measure, assesxl return the panels back

to Bohus Mainon. A total of 2 years wsexposed and measured for North and South
facing panels.

3.4.5 Fitting of Nyquist and Bode spectra

Figure59. Schematic diagram showinghaquivalent circuit model used for fitting.
[107]

ZSimpWin 3.22 fitting software was used to analyse Elfe spectra. They
were fitted to arequivalent circuit model in Figh9 where R represented the solution
resistance, R represented the film resistance, iepresented the charge transfer
resistance, g@represented the film capacitance angré€presentedhe double layer

capacitance.

Organic coatings do not behave as perfect dapad hey leak over time and
produce depressed semicircles in the Nyqulst, so in order to best fit tise
behavious the capacitances are replaced with constant phase elemeetg(€9sed

in equation 55

Equation ® was used to determine the cepance of the film. @ was not
used for water uptake determination because of the high errors obtained in the fitting

model. Calculated film capacitance was used instead.
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At the apex of the semicircle: Znax= 1/ CR[123]

% water uptakg100]: Xv =100 log (G/Cm,q)/ log 80
Whereby X = volume percent of water

Cm = measured capacitance at any time t

Cm,o= measured capacitancezato time
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3.5. FIB/SEM
3.5.1. Development of FIB/SEM technique to observe corroded coated panels

3.5.1.1. Samples

A 0.7 mm thick sample of prgainted HDG steelwas used in this
investigation. The paints (topcoat and primer) on top of the trddi¥@ stesl are
based on saturated polyester resins thermally dids=d with melamine. The
reaction between the resin and crbigker is an acid catalysed transetherifica{@3).
The other components in the paints are sas/grigmentsand additives.

The sample was cut to dimensions of 10 mm x 10using an Excel 2BR6
ab guillotine. One edge of the sample was then hand polished with a circular
movement on MetPrep silicon carbide abrasive paper distied with tap waterA
P120 coarse grit paper wastially used and then fine polished with a P1200 grit
paper. Polishing was neededdiominatethe damage to thagre-painied metalcaused
by the guillotine during cutting. The sample wasth@munted onto an SEM stub using
carbon cement with the topcoat facing outward and glued with Agar silver paint
G3691.

3.5.1.2 FIB/SEM analysis

The mounted samplselected was based on blistered areasveasl placed
inside an FEI Analytical Quanta 3D FEG dual beam FIB/SEMch uses aiéld
emission gun to produce the electron be@iservation of the sample was performed
by SEM secondary electron imagingith different accelerating voltageshile
maintaining the same spot size or probe setking higher quality imagery 1KV was

usedbut this had the disadvantage of damagimgcoating

Before using the FIB to remove material, it was necessary to protect the surface
of the sample from straynd out of focus Gaons. This was achieved by depositing
a small platinum (Pt) rectangulahape (50 pm x 10 um) with a thickness of 2 um
onto the surface, through the use of a gas injection system. This was cartsthgut
an accelerating voltage of 16 kV and a beam current of 11 pA. For milliigota

at atilt angle of 52 to the electra beam were employed. A beam current of 42 nA
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and an accelerating voltage of ¥ were used. In soneasesa high FIB energy (30
kV) wasusedto remove the material quickly.

The crosssectioned face was then polished to produce a smooth surface and
alsoto remove any of the Gaons embedded in the coating during the milling process.
A beam current of 7.5 nA and an accelerating voltage &V16t a tilt angle of 535
were used. To produce an excellent finish with less curtain efi€x9§(vertical broad
lines), a low beam current df.5 nAwas used, howevgthis took a longer timel@.5
hourg. To remove the material quickly, higher beam currents were lmsethis

tended to produce poorer finishes.

3.5.1.3. Elemental andysis

As a result of electron bombardmeaittedX-ray energies are characteristic
to individual elementsEnergy dispersive Xay detector EDS) attached to the
FIB/SEM can beused todetect, analyseand plot thecharacteristic Xray energies
from the sample The technique can give both qualitative identification and
guantitative elemental information from small sammé&imes The lateral resolution
is typically between 0.2 anduin for high atomic number elementWhile low atomic
number elements hawe lateral resolutiorbetween 1 and pim [108]. Elemental
concentrations of0.1 to 0.5% representthe limit of element detectiofll4].
Qualitative analysi®f elemental distributions can bdtained by either using line
scanning or by mapping of the area of interest. In line scanning, the electron probe is
programmedo scara line across eegionof interest on the sampled/hen mapping,
the probe rasters over the full imaged records the individual-Kay photon signals
as pixels on a micrograph. The pixels are shown as white on a black background in
the map.A map of characteristic Xay energies represented by pixel intensitges
produced for each element of interebhe density of the pixelss associated with

concentration of the elements.

EDS analysis waperformedon the crossectioned facentil at least half a
million counts were obtained h€ datavereanalysed using INCA Suite version 5.04
initially, distributed by Oxford Instrumentdfter initial trials, the mill shape was
changed from a rectangle to an isosceles trapézandprove the detection &f-rays.

Further improvement was achieved by changing the stage tilt and rotation angles.
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3.5.2.FIB/SEM technique usedto observe corroded coated panels

3.5.2.1. Sample preparation

The coated paneldaspunched to a diameter ofrBm using a Roper Whigy
Co. No. 5 JR hand puncB¢eFig. 60). One side of the sample was then polished with
a circular movemernin MetPrep silicon carbide abrasive paper discs wetted with tap
water. A P120 coarse grit paper was initially used and then fine polished with a P1200
grit paper. Fine polishing was needed to eliminate the damage to tpaipted metal

caused by the cose grit paper.

SEM Al stub

Sample
with edge
polished

Carbon stub
With adhesive

Figure60. Photograph showing eoated HDG steel sample mounted onto an SEM
stub.

3.52.2. FIB/SEM

The mounted sample was placed inside an FEI Analytical Quanta 3D FEG dual
beam FIB/SEM which uses a field emissignm to produce the electron beam.
Observation of the sample was performed by secondary electron imaging with

different accelerating voltages while maintaining the same spot size or probe setting.

Before using the FIB to remove material, it was necessargotect the surface
of the sample from stray and out of focus @as. This was achieved by depositing
a small platinum (Pt) rectangular shape (50 um x 10 pum) with a thickness of 2 um
onto the surface, through the use of a gas injection sy{§eerFig.61 left). This was

carried out using an accelerating voltage of 16 kV and a beam current of 11 pA. For
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milling to produce a polygon shap@d ions at tilt angle of 52to the electron beam
were employedSee Fig.62left). A beam current of 42 nA and aocelerating voltage
of 16 kV were usedSee Fig.62right). In some cases a high FIB energy K30 was

used to remove the material quickly.

s, 41412015 HY ‘mag@| WD HFW 100 pm o 41142015 | HV |mag@| WD HFW 100 pm =
Yo% 10:24:16 AM | 16.0kV| 500x |19.0 mm| 288 ym North Wales 2-GM Yo% | 10:20:41 AM|16.0kV| 500x 19.0 mm| 288 ym North Wales 2-GM

Figure61. FIB imageshowingsample deposited with Pt (left) and the same
sample witha polygon shape on the surface to represent the milling area shown in
yellow (right).

afs| 41412015 HV |mag@| WD HFW 100 ym 8 ‘ spot HV |mode| det
Yo% | 12:40:23 PM | 16.0kV | 500x |19.0 mm| 288 ym North Wales 2-GM *1 35 |10.0mm|200kV| SE |ETD

Figure62. FIB imageof sample after milling (left) and SEM image of the same

sample after polishing (right).
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The crosssectioned face was theolished to produce a smooth surface and
also to remove any of the Gans embedded in the coating during the milling process.
A beam current of 7.5 nA and an accelerating voltage ¢V16t a tilt angle of 535
were used. To produce an excellentdinwith less curtain effec{¢09], a low beam
current ofl.5 nAwas used, however this took a longer tirhé.% houry(See Fig. 63
right). To remove the material quickly, higher beam currents were used but this tended
to praduce poorer finishes.

Figure63. SEM images of main crosectioredarea (left) and topcoat/ primer

interface (right). The boxes in white represented area of EDS analysis.

Figure64. SEM images of prier/ zinc interface (left) and zinc/ steel interface

(right). The boxes in white represented area of EDS analysis.
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EDS analysidased on line scanpoint & ID and mappingSee Figs. 63 &
64) wasperformedon the crossectioned face until at least half @limn counts were
obtained. The dataere analysed using INCA Suite version 52l later from 2016
onwards on Aztec version 3.hoth distributed by Oxford Instrument3.he Aztec
software wadurtherupdate to 3.3 in 2018.The analysis was done on timain cross
section area, topcoat/ primer interface, primer/substrate interface and zinc/ steel

interface. Main aresof investigation verethe primer/ substrate interface.
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Chapter 4. Results &discussions

4.1. EISmeasurements

4.11. Organic coatings

Eadh systemwas measurechteetimes to obtain an average value ahd t
equivalent circuit model@ECM) werethenused which is shown in Fig. 65-67. The
% error of the fitting to the ECM was between 3 and Tl % RSE of thecoating
sydems were<31% at tle start of measuremesdnd after two hourwith regards to
film capacitance@s). However all 4 systems shogd anincrease in Qafter 2 hours
with sygens 3 and4 gawe the biggest increase.

1.2E-08 - 1.2E-08 -

1.0E-08 - 1.0E-08 -

8.0E-09 - 8.0E-09 -
mCell 1 mCell 1

6.0E-09 - 6.0E-09 -

Q; (Flem?)

mCell 2 uCell 2

Q; (Flem?)

4.0E-09 - 4.0E-09 -

mCell 3 mCell 3
2.0E-09 - 2.0E-09 -

0.0E+00 - ' ' ' ' 0.0E+00 ' ' '
S1 S2 S3 sS4 S1 S2 S3 S4

System System

Figure65. (xvs. time plots of sstems measured at the stajtgnd then 2 hourd)

later.
A. System| Mean Q; [STD Error | %RSE B. System| Mean Q |STD Error | %RSE
1 4.8E-09 5.4E-10 11 1 6.9E-09 4.6E-10 7
2 2.9E-09 8.7E-10 30 2 5.8E-09 4.4E-10 7
3 3.5E-09 7.7E-10 22 3 7.1E-09 2.1E-09 30
4 3.7E-09 1.9E-10 5 4 9.4E-09 1.4E-09 15

Table5. The mean, standard errand % RSE of componenbf the 4 systems at
the start (pand then 2 hours aftel)(

The URSE of the4 systens were<100% at tle start and after 2 houwgth
regards tdilm resistance ). The high %RSEvaluewasinfluenced by system 1,

which hasavery high standardeviation away from the mean
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Figure66. Rrvs. time plots oBystems measured at tstart (g and 2 hoursh) later

A.System | MeanR: | STD Error | %RSE B. System| Mean R; |STD Error | %RSE
1 1.70E+16 | 1.60E+16 61 1 4.9E+09 | 6.9E+08 14
2 9.30E+09 | 2.50E+09 26 2 1.2E+10 | 9.8E+09 82
3 2.30E+10 | 1.50E+10 66 3 2.2E+09 | 1.1E+09 51
4 9.30E+09 | 1.40E+09 15 4 2.2E+09 | 1.6E+09 74

Table6. The mean, standard erfand % RSE of Rcomponent of the 4 systems at
the start § and 2 hours afteby.

After 2 hourssystem 1 stabilised and then hihd lowest %RSE. The other 3
systems increase with systenb@ngthe wors. There was a general decrease in the

trend of R after 2 hours.

1.0E+09 - 1.0E+09 -

1.0E+08 - 1.0E+08 -

Zoanz (2 cm?)
Zoanz (: cm?)

1.0E+07 - ' ' ' ' 1.0E+07 - ' ' '
s1 s2 s3 s4 st s2 s3 s4
System System

Figure67. Zo.11,VsS. time plots of systems measured at the saqer{d 2 hours
(b) later.

The % RSE of the 4 symis wereall <50% at the start and after 2 hours for
total impedance Z4p.1H7), with system 1 having the least error at the stirthen
increasd to 7% after 2 hours. Whereas the other 3 systems have higher increase in
%RSE after 2 hours, up to 49%.
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A. System [Mean Zy 11,/ STD Error %RSE |[B. System [Mean Zy 144 STD Error %RSE
1 2.9E+08 | 1.4E+07 5 1 2.2E+08 | 1.6E+07 7
2 4.1E+08 | 1.0E+08 25 2 2.0E+08 | 5.7E+07 29
3 3.9E+08 | 4.7E+07 12 3 1.5E+08 | 7.2E+07 49
4 4.4E+08 | 9.1E+07 20 4 1.4E+08 | 5.0E+07 36

Table7. The mean, standard error and % RSEg#Zof 4 systems at the start (a)
and 2 hours after jb

EIS measurement errors are system and component éependh system 1
having the lowest %RSE fori@ndZo.1+2 It hadthe highest %RSE for:Rt the start
of the test, but afr the system stabilised, it htte lowest %RSESystem 3 hathe
highestmeasurement errors and below thatresystens 2 and 4in that order

In termsof individual componerg film capacitance lhthe lowestaverage
measurement errpl7% forthe initial readings and 15% for readirgafter 2 hous.
Film resistance héthe highesaverageneasurement errp42% initial and 55%fter
2 hours. Thedtal impedance wais betweerthe capacitanceand esistance of the
coatings The neasurement errsincrease as system 2 to 4 degradéss is rot the
case for system 1.

The work by V.S. Bonit3124] has shown thatandom error in the EIS data

was larger when measurementsra performed with small sample aseklS data

. 2
correlated well with reference valutes larger sample area  cm. If not artefat¢s
arising from EIS instrument andeasurement protocuwlill be introdued A number
of recommendationgy V.S. Bonitzwere made to minimise EIS data variability. First,

thefilm thickness of the coating should be as constant ssilple Secondthe area of

the coating is crual, largersample arease sz) are requiredo minimiserandom
error in the datarhird, replicate samplesf six to eight areequired whichis a good
compromisebetweeraccepable confidence in the nelés and expenditure of the time.
This work hasshownsimilar results tahose reported by.S. Bonitz and
reinforced what heecommended to do to minimisandomerror in the dataOnly
threereplicatesfor each systerwereusa in all EIS characterisain because of the
time constraintdetermined by the need toeasue in a day. Each samplevas
measured twice and the frequency range weasifrom 0.01 Hz t0100 KHz, which

tooktime to complete.
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4.2. Panels exposed in@eleratedweathering chambers ard cells
4.21.EIS cell

4.2.1 Open circuit potential

Exposure time (hours)

100 200 300 400 500 600 700 800 900 1Q0
4
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Figure68. Open circuit potential (OCP) of 4 systems and HDG steels (untreated and

pretreated with 1455T) submerged in cells over time.

The open circuit potential of eachssgm and substratgasmeasured before
EIS measurements were made. It was measured against the saturated calomel electrode
at 0, 24, 48, 72, 96, 192, 240, 408, 580 a@nd 100 hours in 0.9V sodium chloride
and the data argresentedn Fig. 8. The reaults showthat the two uncoated steel
substratesverethe mostnegativein potential followedby systers 2 and 4 andthen
system 3n that order The mostpositivewas system Lacommercialsolventborne
primer. The bare metals were used as a baselhegwompared to the coated systems
DQG WKH\ FDQYW EH LQWHUSUHWHG LQ WKH VDPH ZD\

coatings.

In the electrochemical serie$iet morenegative thepotentialvalues arehe

more likely the material will corrodand this wa observedor the uncoatedHDG
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steel substrate. The addition aftaormatefreepretreatment on the HDG steel lowdr
the potentialto -1032mV from -1022mV for untreated HDG steghence protecting
the steeby sacrificial anodeBy having acoatingonthe steelthe potentialbecome
morepositiveand protects the substrate, especially for systemhith hal a potential
of -81 mV compared t61018mV for bothsystens 2 and 4 at the start of thesting
System 3 hd a potentialof -667 mV at the startThe 3 systemsvere based on

experimentalvateibornepretreatment primers.

HDG steel substrates, system 1 &wgknerallymorenegativeovertime until
reachingbetween 240 an800 hourswith drifting between negative and positive
potentials ad then theotentialstays stableto the end of the testhis may show that
there was littleactivity presentat the surfacef the substrateFor systera2 and 4,
there was a general increasepwsitive potentiafrom the startuntil reaching 240
hours whereby # sysems stayed reasonably constant with one or two drops in

positivebehaviours on the way.
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4.2.1.2 Exposed @nels haracterised by EIS
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Figure69. Bode impedancmodulus(a) and phase anglé)(plots of 4 systems

(labelled a4l to 4) submerged in cells tested for 2000 hours.
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After obtainingthe OCP, panels were measured by EIS. Each paves
measured i3 locations labelledasA, B andC. The measurementsene perforned
in alphabetal order. The EIS datashown are based onthe average of the 3
measurements for each system. Tamexpressed as Bode modulus impedance and
phase angle plo@reshown in Fig. 69. Nyquist plots were also obtained, but will not
be shownbecause of the difficuftin showing the varies low and high impedance
valuesin one plot for the test periods. Bode phase angle plot can be usepréss

the sameesultsasa Nyquist plot.

In the modulus impedance spectra, systemslita highest impedance and
over time showlittle change in &lue, whichsuggestethat the coang was protecting
the substrate and was the best system. Systemh2 wors and deteriorated over
time, even at 48 hours, there was sign of corrosion prethraiing. Systera3 and 4
have similar modulus impedanceeagirato each othettheydeteriorated over time and
staredto form corrosion products around 1B8urs, but had diter protection than

system 2as expectedoecause ofontaining antcorrosive pigments in the coating.

Phase angle spectra show similasults to modulus impedance, and in
additon theytell us if the systems are capacitive or resistiveesponse Theycan
alsoinform if there was any corrosion produirming on the substratem the low
frequency rangdn all of the systems, espediaat the beginnin@f each experiment
there werehigh levels of interferencen the spectra at around %fz. There are a
number of reasons why the spikes were in the spectra. They could originatéhigom
test environment, interference from the equipnuogrtable leads or signature from the
coating.To prove this, EIS measurements were done in a Faraday cage to eliminate
environment impact and were measured on another EIS machine to eliminate

equipment and cable leads factors.

The other option was to imease theAC voltageand improved thesignal
strength, with cause the spikes in the spectra to disappeartbetside effect of this
action wasanincreasen the rate of redox action in the systbynmoving further away
from the equilibrium potentialnd mayhavecausd the systento corrode The results
indicated thatthe spikes were caused by the coatiAggood perforrmg coating

(system 1)give rise tothe spikeshrouglout the test periocind a poor perfornng
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coatingdid not. Systens 2 to 4 represetedthis quite well, especially systemtBe
spikes in the spectra decredséth increass in coating deteriorationver time

System 1 was behaving as a leaking capacitor whereby the phase angle
decrease from 9C° to around 70 at 1000 hours. The oth& systemdleterioragd
completelyandthe resultandicated theormation of corrosion productsThe phase

angleof system 2vas at zero for the mid frequency range.

ZSimpWin 3.22 fitting software was used to analyse the EIS spectra. They
were fitted tothe different equivalent circuit models (ECM), whicbnsisted oRC
componentgonnected in seriendRandles cellA model for painted metatolution
interface including paint film parameters to the circwias used for deteriorated
coatings. The ECNvasfirst proposedMikhailovskii and ceworkers[98]. The ECM
used was dependant amich EIS spectravere produced from each systefle %
error of the fitting to the different ECMs were less than 20%. Most fittings were
between 3 and 10%.
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Figure70. Zo.1n2(8) andX, (b) vs. time plots of systems submerged in cells.

A number of researchers have used impedance at 0.1Hz to show the total
impedance of a coatir®7] [125] [126], a coating with 1 : cn? or over indicates
no corrosion was present underneath the (Bee Fig.70a). Between 10and 18 :
cn? some corrosion ipresent Below 1@ : cn? represents a largees of corrosion
productsThe total impedance of systenwas above 18 : cn? during theentiretest
period, staing constant which indicates that no corrosion was underneath the film.
System 2was the wors with very sharp decreases in total impedanoenfthe start

eventually fallingto around 18 : cn? at 1000 hoursThisindicategotal failure in the
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coating and this can be seen in the photographs {&igerv3). There idittle different
in the perbrmanceof systems 3 and 4t wasexpected that sgem 4 with the addition
of pretreatment technologhould haveerformed better tharsystem 3, but this vea

not the case.

The results opercentagevater update (¥ of the 4 systems by determining
the change in capacitance over time are showfign70b. The flm capacitance is
controlled by the dielectric properties of the coatiwhich are related to the initial
dielectric strength of the coag and the water uptake ofathcoating[100]. An
increase in capacitance iodtes an increase in water uptake by the coating and this
could clearly be seen in the watsyrne pretreatment primersy/étens 2-4) compared
to solventborne coating for system 1. Also shown was the effect of using-anti
corrosive pigmen{calciumexchangd silicg in system 3 and 4 compared tize
unpigmented system @&hich generally hsa better barrier to water than the ottveo

systems.

No furtherfitting of ECM for system 1 wasieededecause the coatirtid not
deterioratemuch over time. Ibehawed as a leaky capacitaiuring the entire period of
the test byhavinga small increase in capacitan€erther fitting of equivalent circuit
modelswas needed for the other 3 systemhse to thedeterioraibn of the systems

during the testresultingin achangeof ECMs.
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Figure71. Qu(a) andRpt(b) vs. time plots of systems submerged in cells.

The film capacitanc€Qpr) and resistancéRyy) are shownespectively inFig.
71a and Fig.71b. The film capacitance vgaused to deterine the water uptake af
coating. The film resistance represents the resistance of a film to electrolyte

penetration[97]. A lower resistance indicadethe film hal been penetrated by
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electrolyte andhis caused the film to bdamaged. Itvould alsoindicate theinflux
of electrolyteinto holes or porous arswith inadequate crosslinking of the coating.

All three systemincrease in capacitancever timeindicating increasein
water upake. S/stem 2is slightly lower in capcitancecompared to system 3 and 4.
It may have been the result of not having antiorrosive pigment in the coating.
Pigmens canbehaveas holesin the coatingor as chargel materia, by pulling

electrolyte from the surfacetmthe coating

The film resistance of systes18 and 4weresimilarto each otheduring the
test period, with system Deingslightly worse They decreaskover time and shoed
thatafter 1000 hours the 3 systems have very low resistance to electrolyte penetration,

starting at ~0® : cn? and reducindo ~1G : cn¥ at the end of the test.

Thechanges iouble layer capacitanceg (@) andcharge transferesistance,
R: (b) of systems 2 to testedbver timeare shown in Fig.& Qg indicates the presea
of water at the coatingietal interface and :Represents the resistance of the metal
substrate to corrosid®7]. It shows that systems 3 and 4isamilar performance in
protecting thecoating/ metalinterface using an anticorrosive pigment in the
pretreatment primers. Wherefag system 2avhich had no pigment in the coating, the
protection at the interface was not as good as the other 2 systems. But all three systems

deteriorated over time witalarge number of blisters foring (SeeFigs. 73-76).
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Figure72. Qud(a) andRy (b) vs. time plots of systems submerged in cells.
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4.2.1.3. Exposed panels assessed by visual inspection for degree of blistering
BS EN ISO 462&:2003tesing standardwas used to assess the degrée
blistering on the exposetteas The rating of the blisters the coatings was based on
the quantityand size of the blister$he quantity of blistersange from 2 to 5 and the
blistersfsizes range from S2 to S5This can be subjective because thare only 4
categories each for quantity and side express the results @agaphsand be
guartitative the quantity and size of the blisteesingwere multipled byeach other

to give the total blister amounthen the values were averager each timanterval.

O

Figure73. Photographs ofiplets (a, b and)oof system 1 submerged in cells for
1000 hours.

The results of system 1 submerged in 3 cells from D000 hours are shown
in Fig. 73 The images were cropped and adamgkther so that they can be expressed
over time. It illustrates that no bliskawereformed during the test. The green circles
in the figures represent no blister present in the codfitigere arered circles in the
figures this indicatedblisters are present in the coating. The results of having no

blistering in system 1 correlated with the EIS and total impedance data presented
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earlier. However does this mean that there are no corrosion products underneath the

film? (See Fig. 13'0f exposed panels)

O

Figure74. Photographs ofiplets @, b and fof system 2 submerged in cells
for 1000 hours.

The results of system 2 submerged in 3 cells fromIDa&H hours are shown
in Fig. 74 No blistess wereobservedn the coating from @o 240 hours. At 408 hours
of exposure, lsters wereobservedn the coatingandeventually tahe end of the test.
The blister quantity and size increased over tgnewn from 3(S3) to 5(94EIS data
indicated that at 240hour corrosion started to oecwr the effect of this over time

caused blisters to form in the coating at 408 hours.

See Fig. 75 showings examples of enlarge photographs of system 2 submerged
in a cell for 1000 hours. The images consisted ohteasurementat the start, 408 h
and 1@0 h.It was difficult tophotographhe blisers at size S2 and S3 until the blisters
reached S4 and S5.
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Figure75 Enlarge photographs of S2A submerged in cell for 0, 408 and 100Q hours

O

Figure76. Photographs ofiplets @, b and fof system 3 submerged in cells
for 1000 hours

The results from system 3 submerged in 3 cells from 0 to 1000 hours are shown

in Fig. 76. No blister was formed in the coating from 0 to 240 hours. At 408 hours of
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exposureplisters were formed in the coating, with cell B forming at a later time of

750 hours. The blister quantity and size both increase over time from 2(S2) to 3(S3).
The blisters of system 3 were smaller than those in system 2 with fewer amounts. EIS
data indcates that at 240 hours, corrosion started to occur and the effect of this over

time caused the blisters to form in the coating at 408 hours.

The results from system 4 submerged in 3 cells fromlQ®® hours are shown
in Fig. 77. No blister was formedth the coating from O to 240 hours. At 408 hours of
exposure, lsters wereobservedn the coating, with cell Braving blistersat a later
time of 504 hours. The blister quantity and size both increase over time from 2(S2) to
4(S3). The blister size andigntity of system 4 ranked between system 3 and 2. EIS
data indicated that at 240 hours, corroswiadstarted and the effect of this over time

caused blisters to form in the coating at 408 hours.

O

Figure77. Photographs ofiplets @, b and rof system 4 submerged in cell for 1000

hours.
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Figure78. Degree of blistering vs. time plot of 4 systems submerged in cells for
1000 hours.

In the degree of blistering plot shown in Fig, Bystem 1, a solvemirne
primer clearly outperformed the other 3 systems based on experimental waterborne
pretreatment primers. It has no blisters formed in the coating, whereas the other
systems do, with system 2 the worst then followed by 4 and 3 in that order. All the
blistering wasobservedat 408 hours and then increased in blisters size and amount
over time. EIS data of the 3 systems show the corrosion process started at 240 hours

and the effect of this at a later time was blistering.
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4.2.2.Neutral salt spray test

4.2.2.1. Open circuit potential
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Figure79. Open circuit potential of 4 systems tested in NSS chamber compared to
HDG steels, untreated and treated with 1455Fr€ pretreatment.

The open circuit potential of each systdaringNSS tests wsmeasured and
the resultsarerepresened in Fig. B. They were compared to the megesdi OCP of
HDG steel substrates obtained duriné Eell measurementis the previous chapter
to actas baseline reading§he datashows system 1 and Badthe highesnhegative
potential at the initial measurement, then folled/by 1455T treated HDG steel,
system 4systen? and unteated HDG steel in that order.

As the systems were exposedtlie NSS dhamberover time,these systems
generally increased ipositive potential in the first 21 measurements period. Then
the systemglrifted from positive and negativa potential until reaching 500 hours
when the potentiatarted to stabse They continue this path until reachid§00
hoursof exposurevhere he OCP results shono distinction between good and bad

systems.
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4.2.2.2 Panels eposedin NSSchamber andcharacterised by EIS
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Figure80. Bode impedancmodulus(a) and phase anglé)(plots of 4 systems

(labelledasl to 4) tested in a neutral salt spray chamber over time.
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The results oimpedancanodulus spectrareshown in Fig80. System 1 hd
the highest impedance and slemlxsome deterioration after 72 hours of exposure.
After 1000 hours of exposure the ind@mcemoduluswas still high around10® :
cn?, whichindicated that the coating watill protecting the substrate wiitile or no
corrosion product ndbolisters presentSystem 2s the wors evenat the beginning of
the exposuraleterioraibn wasalreadythereandresulted in the formation @brrosion
productsafter24 hours. Athe encf the test systemzache animpedance value of

<10® : cn?, whichwas similar to systers3 and 4

Systens 3 and 4 hd similar impedancenodulusspectraafter 1000hours of
exposureSystem3 started to corrode at 192 hours and system 4 started slightly earlier
at 96 hoursAt the beginning of the tessystem3 hal slightly better impedance for
several timeperiodsof measurementthan system 4At the end of the &, they

deteriorated to arountlD® : cn?, which wassimilar in value to system 2.

Theresults show that NSS is a vaggressive testompared td&IS cellsand
thatis why the commerciadystem impedancemodulus|Z| value decrease from the
start ~1& : cn? to~10° : cn? after 1000 hourwith no blister forming in the coating
(SeeFig. 84). NSS test conditiamwerenot the same @bhoseused inthecells, the salt
solution concentration i$ %w/v compared to 2.9 %w/v respectivelyhe test
temperaturef NSSis 35°C compared te-21°C for EIS cells The higher temperature
has two effects on the test conditions, one it can increase the rate of redox reaction and
two, bang at the same temperature as the topcoait ®yeasierfor salt solution to
penetate through the coatg, into the substratand caused corrosioit 21 °C, the
test temperaturés below the coating Tg, the coatingll be stiff and limit the

migration of sé solutionto the sibstrate and caused less corrosion.

The phase angle spe&tshow similar results to impedano®dulusand in
addition they indicate if the systems ardorming any corrosion produd at the
substrates. Systens 2 to 4, all have corrosion products forming at the
coatingssubstrateiterfaces which ae representelly a second cycle the spectra
at mid frequency. System 1 sheshlsome sign of corrosion activity near the end of the

test.
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In all of the systems, especially at the beginning there were spikes in the spectra
at around 50Hz. Again this showthe sigral to noise ratio is high and indicateow
goodcoatings arein protecting the steel. A good performing coating (system 1) will
have the spikes throught the test period and a poor perfong coating will not.

Systens 2 to 4 representethis quite well.
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Figure81. Zy.1H:(a) andX,(b) vs. time plots of systems exposed in NSS chamber.

The total impedance of systenislabove 10 : cn? during the entire period
of the testand this indicatethat noor very little corrosionproductformedunderneath
the film (See Fig. 84). Systems 2 to 4 havesimilar Zo 11, to each othebut system 2
is slightlyworse withavery sharp decreases in total impedance from the start and then
progresseso around 18 : cn? at 1000 hourswhich indicats total failure ofthe

coating and this can be seen in the photographs {&esfrigs. 84-87).

The results are the same at the end of the tests for the Bi1systen the anti
corrosive pigmentghatwere incorporated in syster8 and 4,Zo.11-did not mprove

thevalues. It only helged duringthe first 200 hours of testing.

The results forpercentagevater upake of the 4 systems deterneid by the
change in capacitance over tirage shown irFig. 81b. An increase in capacitance
indicates an increase water uptake by the coating and this could clearly be seen in
the watetborne pretreatment primeo$ systens 2 to4 compared tthesolventborne
primer of system 1.System 1 only increases by 50% comparedho200-250%
increase for systens 2 to 4, wih system 2 having the lowe#t water upake The%
water upakewasalso muchhigherin NSSchambeicompared to EI8ue tathe higher

temperature used in the test.
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Figure82. Qv (a) andRyr (b) vs. time plots of systems expakin NSS chamber.

The results ofilm capacitanceQps (8) andfilm resistanceRys (b) of the 4
systemsare shown in Fig. 84t shows that systerh hadthe lowest increase in film
capacitance over time amesulted in the lowest percentagater upakeout of the 4
systems Systers 2, 3 and 4 have similatrend in Q¢ performanceover time with
system 2 having the lowest increase out of the 3 systems, éallby system 3. The

worstin this testwas system 4.

The film resistance of system 1 was highest butdeteriorateaver time and
thendecreaseto as low as ~10: cn?. Systerns 2, 3 and 4 have similar film resistance
andthe trend in the plos werealso similar. They decreaséo <1G : cn? at 1000
hours and havingo low film resistance indicatethere isno protection from the

coating to stop electrolyte penetrating through into the coating/ metal interface.
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Figure83. Qu(a) andRy (b) vs. time plots of systems exposed in NSS chamber.

The results otlouble layer cagcitanceQq () andcharge transferesistance,
Rt (b) of the 4systemsare shown in Fig. 83t shows that system 1 hale lowest

increase in double layer capacitance over time compared to the other 3 systiens,
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indicates that althoughsomewater wa present at the coating/metal interfatiee
coating was performing welbystems 2, 3 and 4 have similar treimdQq performance
over time with system 2 slightly worghansystem 3 and 4vhich were similar in

value.

The charge transferesistance ofystem 1 was the highest, but deteriorated
over time and then decreade as low as ~10: cn?. Systens2, 3 and 4 have similar
R:and the trenslin the plos werealso similar. They decreadto <1G : cn? at 1000
hours anchaving so low Rindicated no esistance to corrosioEven thoséhaving
anticorrosive pigmerst (Systens 3 and 4 did nothelp toimprove R. System 2 has no
pigment in the coating; the protection at the interface was as good as the other 2
systemslt alsoshows thahaving pretreatm technology in systemdid not help to

improve the resistance to corrosion.

4.2.2.3. Exposed panels in NSS assessed by visual inspection for degree of
blistering

The results of system 1 exposedhiaNSS damberfor 1000 hoursre shown
in Fig. 84. Thae wereno blistes formedduring the test perioth the 3circle area
labelled asA to C.

S1 #NSS 0h S1 +NSS 24h S1 +NSS 48h S1 #NSS 72h S1 +NSS 96h S1 +NSS 192h

S1 +NSS 240h S1 +NSS 408h S1 +NSS 504h S1 +NSS 744h S1 +NSS 1000h 0 4 8cm

Figure84. Photographs ofgmels with3 areasd, b andc) of EIS measurements.

Systeml was exposeth NSS chamber for 1000 housad neasured by EIS.
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The results of not having blistering in system 1 correlated quite well with the
EIS and total impedance data presented eawikich indicatel a small presece of
corrosion productCell images alsosupported this whereby blisters were nfied

sometime after the corrosion products were detduydelS measurements

S2 #NSS Oh S2 #NSS 24h S2 #NSS 48h S2 #NSS 72h S2 #NSS 96h S2 #NSS 192h

S2 +NSS 240h S2 +NSS 408h S2 +NSS 504h S2 +NSS 744h S2#NSS1000h o 4  8m

Figure85. Photographs ofgmels with3 areasd, b andc) of EIS measurements.
System 2was exposeth NSS chamber for 1000 houmedmeasured by EIS.

The results ofystem Zxposed in NSS chambfar 1000hoursare shown in
Fig. &. Blisters 2(S2) was observed a48 hours in the 3 black circle areas and then
over time increaskin number and size to $4) at 1000 hoursThe image also shaw
a large araunt ofcorrosion productsepresented by white areas the surface of the
coated pandkom 408 hours onward to 100urs(SeeFig. 85. EIS data indicates
that at 24hours, corrosionproductswere detectednd the effect of thisausedthe

blisters toform in the coating a48 hours.

The results ofystem Fxposed in NSShamberfor 1000 hoursre shown in

Fig. 86. No hlister was observed until 240 houo$ exposure. Bsters, 2(S2) were

formed in the 3 black circle areas and then over time increasgmber and siz&o

5(S5) at 1000 hoursThe image Bo shows a small amourdf corrosion product
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represented by white areas the surface of theoated pangdtom 408 houronward

to 1000 hourgSeeFig. 86). The blisterssize of system 3 weréargerthan system 2
with similar number of blister€1S data indicatghat at192hours corrosionproducts
were presenénd the effect of this over time caused blisters to form in the coating at
240 hours.

S3 #NSS 0Oh S3 #NSS 24h S3 +NSS 48h S3 #NSS 72h S3 #NSS 96h S3 #NSS 192h

S3 £NSS 240h S3 +NSS 408h S3 +NSS 504h S3 +NSS 744h S3 #NSS 1000h o 4 8m

Figure 86. Photographs of gmels with 3 areaga, b and ¢) of EIS

measurements. System 3 was exposed in NSS chamber for 1000 hours and measured

by EIS.

The results of system 4 exposed in NSS chamber for 1000 &@usbown in
Fig. 87. No blister was observed until 240 hours of esqn@ was reached. Blisters,
2(S2) were formed in the 3 black circle areas and then over tinneased in number
and size to &5) at 1000 hoursThe images also show a small amount of corrosion
productsrepresented by white aean the surface of the ated paneglstarting at 408
hours and then getgorst at 1000 hourSee Fig87). The blister quantity and size of
system 4 were similar to system 3, but larger than system 2 with similar number of
blisters. EIS data indicates that at 192 hours corrgsioducts are present and the

effect of this over time caused blisters to form in the coating at 240 hours.
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S4 +NSS Oh S4 +NSS 24h S4 +NSS 48h S4 #NSS 72h S4 #NSS 96h S4 #NSS 192h

S4 +NSS 240h S4 +NSS 408h S4 +NSS 504h S4 +NSS 744h S4 +NSS 1000h 0 4 8cm

Figure87. Photographs ofgmels with3 areasd, b andc) of EIS measurements.
System4 was exposeth NSS chamber for@00 hoursand measured by EIS.

S1 +NSS 1000h S2 #NSS 1000h S3 #NSS 1000h S4 +NSS 1000h

0 4 8cm

Figure88. Photographs of System 1 to 4 after 1000 hours of exposure in NSS.

A summary of systesil to 4 exposed in NSS after 1000 hours is shown in
Fig. 88. It clearlyshows that a solvelmbrne pnmer clearly outperformed the other 3
systems based on waterborne pretreatment primers. It has no blisters formed in the
coating, whereas the other 3 systems do, wittem 2 lookg the worst, then

followed by systems 3 and 4oWeverwhen assessed by deg of blistering, system
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3 and 4 were the worst, system 2 was slightly better based of the scorin@eased
Fig. 89) The reason for the lower scoring was due to the smaller blister size formed
in system 2 compared to system 3 or 4, which were larger.
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15 -

Degree of blistering
(quantity & size)

o } sS4
24 4y ‘ .
96 ' ! s2
192 240 : ‘ «
208 5o,

744 1000

Time (Hours)

Figure89. Degree of blistering vs. time plot of 4 systems exposed in NSS cabinet for
1000 hours.
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4.2.3.Humidity test

4.2.3.1. Open circuit potential

Exposure time (hours)
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Figure90. Open circuit potential of 4 systemstagsin NSS over compared to HDG

steels.

The open circuit potential of each system during humidity testiag w
measured and the results are presented in ¥g.They were compared to the
measured OCP of HDG steel substrates obtained during EIS cell nmeastgén the
previous chapteacting as baselineeadings Thedatashowed syster had themost
negativepotentialat the initial measurement, and then fokmhby 1455T treated
HDG steel,system 4,untreated HDG steel and systeminlthat order. The most

positivepotentialwas systen2 which had no anticorrosive pigment

As the systems were exposedhahumidity chamberover time, the potential
of these systemsicreasd or decreasgfor the first 23 readings and thement into
cycles ofeitherpositive or negativein behaviouruntil the end of the test. Thankof
potential value®f the4 systems tested in humidighamberis the same as obtained

in EIS cells.
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4.2.3.2 Panels &posed in humidity chamber andcharacterised by EIS
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Figure91. Bode impedancmodulus(a) and phase anglé)(plots of 4 systems

(labelled as 10 4) tested in a humidity chamber over time.
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The spectra oimpedancemodulusfor the 4 systems are shown in Fi§l
System 1 hashe highest impgance and over time shewome deterioration after 192
hours of exposure. After 1000 hours of exposure the modulus impedance was still
high, around 10 : cn? which indicated that the coating was still protecting the
substrate with little or ngorrosion poducts andlisters present. Systems 2, 3 and 4
have similar modulus impedance speth@ugloutthe period othetest They start
to deteriorate after 24 hours with syss8nand 4 decreasy dramatically to <16 :
cn? whereas systemstayed at ~10: cn?. At 48 hours all three systems decrehse
to ~1C@ : cn? and therprogressedo ~10 : cn? at the end of the test.

The results show thdtumidity testis more aggressivethan EIS cells but
slightly less aggressivethan NSS. Everthe benchmarksystem shaed some
deterioration in impedanaeodulusvalue going as low as10’ : cn? with no blister
forming in the coatingSeeFig. 88. Humidity isa differenttestto the other two tests,
no salt solutionis used;only 100% relative humidity at 40C is used The higher

temperature@nd water are the key parameters to indbhe&orrosion process.

The phase angle specttamplement the results mhpedancenodulus and in
addition itcan indicate the presencécorrosion products the systemSystems 20
4, all have corrosion products forming at the substrates, which are represented by a
secondcyclesin the spectra at mid frequencgnge Both systems 3 and Have
corrosion productste24 hours compared to system 2, whighe no anticorrosive
pigment peformedslightly betterat 48 hoursSystem 1 shossome sign of corrosion

activity near the end of the test.

In all of the systems, especially at the beginning thexginterferencen the
spectra at around 3fz. Again this showthesignal tonoiseratio is high and indicate
how good a coating is in protecting the steel. A good performing coatitigs case
systeml, will have high interferencat the beginning and then over time less so
througtout the test period A poor performing coating will np in this casethe
interference finished at 24 houim the other 3 systemSystens 2 to 4 represented
this quite well(SeeFig. 91b).
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Figure92. Zy.1n.(8) andX, (b) vs. time plots of systems exposed in humidity
chamber.

The total impedance of systenislabove 18 : cn? during the entire period
of the test(SeeFig. 92a), and this indicat®that no or very little corrosion product
formedunderneath the film. Systesf to 4 have similar performargever time and
the sharpesdecreas total impedancevas found in the first 192 hours of exposure,
valuesdroppingfrom 1& : cn? atthe start to <19: cn? during time period between
240 and 1000 hours. Thigndicates that the coatings will not protect the steel.
However this is not the case when viewitige photographef exposed panelsSge
Fig. 9598). Thetotal impedanc@erformance between the three systaras similar
to each other. Addition oénticorrosive pigmerst into systens 3 and 4 did not

improve the performancey§&em 2 contains no pigment

The percentageater upakeof the 4 systemweredetermired bythe change
in capacitance over timare shown in Fig92b. An increase in capacitance indicates
an increase in water uptake by the coating and this could yclbarkeen in the
waterborne pretreatment primers (Syss&) compared to solvetiitorne primer of
system 1. System 1 increadsy around50% compared tbetweer200and250% for
systens 2 to 4, with system 2 having the loweshount ofwater upakeout ofthe 3
systems The percentagevater upake calculatedfor humidity testis similar toNSS
but not toEIS cells. Thisis probably due to the similar testing temperatures used by
the 2 tests. EIS cell test) temperaturavas a lolower than the other 2 t&s 21°C
compared to 380°C.
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Figure93. Qux (a8) andRy (b) vs. time plots of systems exposed in humidity chamber.

The resultdor the film capacitance, g(a) and film resistance, jr(b) of the
4 systemsre shown in Fig93 It shows that system 1 &ithe lowest increase in film
capacitance over time and this is why pegcentage ater upakewas the lowest out
of the 4 systems. Systems 2, 3 and 4 have similar trengt pe@ormance over time
with system 2 hang amore dramatic decrease 408 and 750 hours. This maythe

results ofwhen the sample was taken out aneasuredy EIS.

The film resistance of systemi4 the highest, but deterioratever time to
~1C° : cn?at 408 hours and stsyeasonably constant ulrthe end of theestto ~1¢
. cn?. Systers 2, 3 and 4 have similar film resistance throoigthe testwith the
biggest decrease between 0 and 200 handsthe trensiin the ploswerealso similar.
They decrease to <10 cn? at 1000 hours and havisg low film resistance indicate
no protection from the coating to stop electrolyte penetrating through into the coating/

metal interface.
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Figure94. Qq(a) andR; (b) vs. time plots of systems exposed in humidity chamber
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Theresults ofdouble layer capacitan¢a) andcharge transferesistance (b
of the4 systemsre shown in Fig. 94t shows that system 1 ¢héhe lowest increase
in double layer capacitance over time compared to the other 3 sy$tatnisdoes
indicate sora water was present at the coating/metal interface. Systems 2, 3 ahd 4 ha
similar trend in Qq performance over timeSystem 2was marginallybetter than
systens 3 and 4with system 4oeingthe wors.

The charge transferesistance of systemwas the hghest, but deterioratie
overtimeto a minimum of ~18 : cn? and then increaseto ~10 : cn? at the end
of the test. This may be the effect of having -@atirosive pigmenteaching intothe
substrateThe R of systens 2, 3 and 4decreaseé dramaticallyin the first 200 hours
and then stagd reasonably constant to the end of the test. Thes plot similar R
trends, decreaimg to <1¢' : cn? at 1000 hoursHaving so lowanR; indicates little
resistance to corrosion. Alsbe presence ainticorrosive pgment in systesi3 and
4 did not improve Rvalue compared to system 2 with no pigméiie R trend of the
3 systems tested in humidity were similar to that of N@®ntestd to1000 hours,
with only slightly high value of <10: cn? compared to <10: cm?respectively.

4.2.3.3.Exposed panels in humidityassessed by visual inspection

The results of system 1 exposed in the humidity chamber for 1000 hours are
shown inFig. 88. There were no blisters formed during the test period in the 3 black
circle area labelled as A to C. The result of not having blistering in system 1 correlated
quite well with the EIS and total impedance data presented earlier, which indicated a
little or no corrosion product present. Blistering was always found to form a period of

time after corrosion product was detected.

There were small amounts of white marks around area A due to the damage
caused by the acrylic tube used during the construction of the cell for EIS
measurements. It may also be due to the high testing temperaaarénuthumidity,
which can soften the topcoat making it easier to damage using the acrylic tube during

the construction of cells for EIS measurements.
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S1 #HUM Oh S1 +HUM 24h S1 tHUM 48h S1 +HUM 72h S1 +HUM 96h S1 *HUM 192h

S1 #tHUM 240h S1 +HUM 408h S1 tHUM 504h S1 *HUM 744h S1 #HUM 1000h 4 8
cm

Figure95. Photographs ofgmnels with3 areasd, b andc) of EIS measuremesit

Systeml was exposeth humidity chamber for 1000 houend measured by EIS.

S2 +HUM Oh S2 + HUM 24h S2 +HUM 48h S2 +HUM 72h S2 +HUM 96h S2 +HUM 192h

S2 +HUM 240h S2 +HUM 408h S2 +HUM 504h S2 +HUM 744h S2#HUM1000h o 4  gcm

Figure96. Photographs ofgmels with3 areasd, b andc) of EIS measurements.

System2 was exposeth humidity chamber for 1000 houend measurely EIS.
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The results of system 2 exposed in humidiigrmberfor 1000 hourgreshown
in Fig. 96 Blisters, 262) areformedin the coatingat 240 hours in the 8ircle areas
and then showno increase in number or sieéthe blistersVisually, theS2 blisters
could be with human eyes but could not be observed in the photographs that were

taken due to the blisters size been in between 1 and 2 mm diameter.

Therewerecorroded areas on the panels, representedhiitg marls around
the 3 circle areasdue to he damage caused by the acrylic tube used duheg
constructiorand deconstruction of the cell duringlS measuremesitin additionthe
high testing temperatuides notelped, it can soften the coating and damage easier
when placing acrylic tubes of ithe Hister results correlated quite well with the ECM

data, whichindicated that after 240 hours, no chanigeperformance wuld occur.

S3 +HUM Oh S3 +HUM 24h S3 +HUM 48h S3 +HUM 72h S3 +HUM 96h S3 +HUM 192h

S3 +HUM 240h S3 +HUM 408h S3 +HUM 504h S3 +HUM 744h S3#HUM1000h o 4  gcm

Figure97. Photographs ofgmels with3 areasd, bandc) of EIS measurements.
System3 was expoed in humidity chamber for 1000 houend measured by EIS.

The results of system 3 exposedhinmidity chambefor 1000 hoursre shown
in Fig. 97. For the first 408 hours thereereno Histersformed in the coating. At 500
hours blisters2(S2) wereobsevedand thg gradually increaskin quantity to 352)
at 1000 hours The white marks around the 3 circle arease due to the damage
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caused by the acrylic tube used during the construction of the cell for EIS

measurements.

The blister results correlatequite well with the ECM datavhich indicated
that after 500 hours, no significant chamg@erformancevould occur.

The results of system 4 exposed in humidity chamlyet@60 hoursreshown
in Fig. B. Blisters, 262) were formed at 240 hours in tBélack circle areas and then
stayed the same size and quantity over time to 1000 hours. The white marks around
the 3 circle areas were due to the damage caused by the acrylic tube used during the

construction of the cell for EIS measurements.

The blisterresults correlated quite well with the ECM data which indicated
that after 240 howt no change in performance wowdcur and this effect on

blistering can be seen in Fig. 91

S4 +HUM 0Oh S4 +HUM 24h S4 +HUM 48h S4 +HUM 72h S4 +HUM 96h S4 #NSS 192h

S4 +HUM 240h S4 +HUM 408h S4 +HUM 504h S4 +HUM 744h S4 +NSS 1000h 0 4 8cm

Figure98. Photographs ofgmels with3 areasd, b andc) of EIS measurements.

System4 was exposeth humidity chamber for 1000 houend measured by EIS.

143



The results of assessing the degree of blistering for the 4 systems are shown in
Fig. 9. It shows humidity is the least aggressofethe 3 accelerad testswhen
evaluatingblisters. System 1, a solvebbrne primer clearly outperformed the other 3
systems based on wateorne pretreatment primers. Itchao blistes formed in the
coating, whereas the others 3 systdath th fact, they all presentedvith the same
results after 1000 hours of exposure. System 3 was delayed by 250 hours in formation
of blisters compared to system 2 andbdth ofwhichwere observedt®40 hours.
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O 24 48 72 ‘ ! | | 5253
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240 408 504 ‘
744
1000
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Figure99. Degree of blistering vs. time plot ofs§stems exposed in a humidity
cabinet for 1000 hours.
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4.3. Panels exposed in outdooweathering

4.3.1.North facing panelscharacterised by EIS
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Figure100. Bodeimpedancanodulus (a) & phase angle)(plots of 4 syseems
(labelled asS1, S2, S3 and S4) exposed dt MOrth facing in Bohus Malégn for 2

years.
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The spectra of impedana@odulusfor the 4 system&xposed in Bohus
Malmdn, 90° North facingare shown in Figl00. System 1 hdithe highest impedance
and over tine showing a small deterioration after year. After 2 years,the coating
impedancedecrease to ~1(° : cn?, which indicated that the coating was still
protecting the substrate widomecorrosion products and blisters present. Systems 2,
3 and 4 have simat modulus impedance spectaa the start of the test.h&y
deterioratd at a similar rate with systes3 and 4(~1C* : cn¥) only slightly better
than system 2~10° : cn?).

The phase angle spectra complemented the results of modulus impedance, and
in addition, it indicated whetheror notthe systemsvereforming corrosion products
at the substrateSystem 1 showa smalldeterioration fronzeroto 2 years, buthere
is no sign of a 2 cycléormation which indicate no corrosion productarepresent.
Systens 2 to 4, all have corrosion products forming at the substrates, which are

represented by a secoagclein the spectra at mid frequency range.

In all of the systems, especially at the beginnthgrewereinterferencs in
the spectra at around 50Hz. Agathis shovs the signal tonoise ratio is high and
indicates how good a coating is in protecting the steel. A good performing coating, in
the casef system Mdid have interference #ie beginning andfterl yearof exposure
but did nothave after 2 yars of exposurd-or por performing coating(systens 2, 3

and 9 theinterferencsin the signabnly occurredat the beginningf the test
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4.32. North facing panelsassessed byisual inspectionfor degree of blistering

S1 #1yr S2 +1yr S3 £1yr S4 +1yr 0 4 8cm

S1 #2yr S2 #2yr S3 £2yr S4 £2yr

Figure101l Photographs ofgnels of 4 systems exposed at BOrth facing in

Bohus Malndn for 2 years.

The photographk of panels othe 4 systems exposed at°dorth facing in
Bohus Malndn for 2 years are shown iRig. 101 System 1is the best with no
blistering for the first year anth the second yearonly a few blistersvere present
2(S2). System 2 was the wdmven after one year. It just shows how important it is to
have anticorrosive pigment in the primer when tested outddbis is not the ase for
system 2 when exposed acceleratedests;it had performed similarly tesystens 3

and 4. Corrosion products can be seen all over the panel of istem

Systens 3 and 4had similar blistersize (S3) to each other with system 4
(quantity = 2)margnally better than system(@uantity = 3)after 2 yeardor number
of blisters Again some corrosion products can be seen on the blistered atlea of
panels of these two systems, but not as naghystem 2which was assessed as 5
(4S).
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The results oblistering inthe 4systens correlated quite well with the EIS and
total impedance data presented earldrich indicaesa smallto large pesenceof

corrosion productBlistering was found to form sortme after corrosion product was
detected.
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Figure102 Degree of blistering vs. time plot of 4 systems exposed’ai&dh

facing in Bohus Malran for 2 years.

The degree of blistering othe panels of the 4 systems exposed &tNorth
facing in Bohus Malran for 2 years are showin Fig. 102 It clearly demonstrated
that system 1Is the bestsysten® is the wors and in between them asgstens 3 and
4 with no significant differences in performance.
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4.33. South facing panels characterised by EIS
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Figure103 Bodeimpedancanodulus (® and phase angl®)(plots of 4 systems
(labelled asS1, S2, S3 and S4) exposed dt 86uth facing in Bohus Malam for 2

years.
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The spectra of impedanaaodulusfor the 4 systems exposed in Bohus
Malmdn, 45° Southfacing are shown in Figl03 System 1 hethe highest impedance
and over time shosvasmall deterioration after 1 year. After 2 years the coating
impedancedecrease to ~1¢ : cn? which indicats that the coatingwas still
protecting the substie with some corrosion products and blisters preseritad.
difficult to explain why similar resultare observed opanel exposed in South facing
comparedo North facingPrevious experienc@as showmhat North facing we.more
aggressive environmerttan South facing due tooretime in wet conditionand salt

deposited on the panels.

Systems 2, 3 and 4 have similar impedamoelulusspectra at the start of the
test.This timearound in a less aggressive environmghie 3 systemseteriorate at
similar rate with syster (~1%° : cn?) marginally better than systen(&10° : cnr)
and system 2 the wdrat~10* : cn?.

The phase angle spectra complemented the results of modulus impedance, and
in additionindicated whetheror notthe systemsvere forming corrosion products at
the substrates. System 1 stlsasmalldeterioration fron O to 2 years, but no sign of
secondcycles, which indicateno corrosion product is present&ystens 2 to 4all
show corrosion products forming at the substrates, whichrgmesented bygecond

cycles in the spectra at mid frequency range.

4.3.4. South facing panels assessed by visual inspection for degree of blistering
The photographs of panels of the 4 systems exposed® &odh facing in
Bohus Malndn for 2 years arshown inFig. 104and the results of the assessment are
shown as a plot in Fig.89 System 1 is the best with no blistering for the first year and
in the second year, only a few number of blisters are pexb@{62). System 2 is the
word even after ong/ear. Again it just shows how important it is to have anti
corrosive pigment in the pretreatment primer when tested owwdbbis is not the
case for system 2 when exposed to accelerated tests, it had similar perfotonance
systens 3 and 4. Systems 3 aAdhadsimilar results of blistering to each other with

system 4 marginally better than system 3 after 2 years.
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S1 #1yr

S1 +2yr

S2 +1lyr

S2 *2yr

S3 +1yr

S3 £2yr

S4 +1yr

S4 +2yr

8cm

Figurel04. Photographs ofgmels of the 4 systems exposed &tStuth facing

in Bohus Malndn for 2 years.
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25 -

20 -

15 -

10 -

Time (years)

S1

S2

S4
S3

Figure 105. Degree of blistering vs. time plot of 4 systems exposed’sdiih

facing in Bohus Malrdn for 2 years.

151



4.3.5. ECM of North & South facing panels exposed in&usM almon.

Total impedanceesultsof the4 systems exposed ldbrth and South facing in
Bohus Malndn (BM) are shown inFig. 106 It shows that system 1 has similar
performanceat both locationandthe panelsleterioratd similarly over time Whereas
the other 3 systenshow that Northiacingpanels deteriorated nathanpanelsacing
South indicatingthe North hasa more aggressive environment thizne South But
the ranlkng of the performance wadsmilar for North and South facing panels.
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Figure106 Zo.1H.Vs. time plots of 4 systenexposed at F0North (@ and 48 South

(b) facing in Bohus Malrdn for 2 years.

Percentagevater uptake results difie 4 systems exposed at North and South
facing in BM are shown ifig. 107. It shows that panelscatedNorth havea greater

increase irpercentagenater uptake than pandtscatedSouth.

250% 250%
200% 200%
150% 150%
Xo ><D
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0 1 2 0 1 2
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Figure107. X, vs. time plots of 4 systems exposed & M0rth @ and 435 South(b)

facing in Bohus Malran for 2 years.

This correlated quite well with the experience Beckas liad in exposing panels in

Bohus Malndn for over 30 year§37]. The aly exception is system Wwhich, had
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similar percentagevater uptake for North and South facing pan&he results may
be different if the system 1 is expoded longer period of time.

The film capacitance results tfie 4 systems exposed at North and South
facing in BM are shown irfrig. 108. It shows that panels positiethNorth havea
greater increase int@han panels positied South. This correlated da well with the
experience Beckers hhad in exposing panels in Bohus MamThe mly exception
was system Jwhich has similapercentagevater uptake foboth North and South

facing paned.
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Figure108 QyVvs. time plots o#t systems exposed at®@Jorth (@ and 438 South

(b) facing in Bohus Malrdn for 2 years.
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Figure 109 Ry vs. time plots of 4 systems exposed dt ROrth @ and 438

South p) facing in Bohus Malrin for 2 years.

The film resisance results of 4 systems exposed at North and South facing in
BM are shown inFig. 109 It shows that system 1 is the best system in North and
South and has similar values in botledtions. In the North, systemiginext; follow

by systen 3 and system fhe worst in that order. In the South, system 4 is next,
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followed by system 3 and the worst is system 2. The 3 systems have hifgrahi
Souththanthe North which indicates the coatings were still protecting in the South,

but not doing so quite as We the North location.
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Figure110 Qqvs. time plot of 4 systems exposed at BOrth (@ and 43 South )
facing in Bohus Malmd for 2 years.

The double layer capacitance results of the 4 systems exposed at North and
Southfacing in BM are shown ifrig. 11Q Oncemore, it shows that system 1 is the
best in North and South locations. System 3 is next, followed by system 4 and the
worst is system 2.
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Figure11l Ryvs. time plot of 4 systems exposa©OC® North (@ and 43 South p)

facing in Bohus Malran for 2 years.

Charge transfearesistance results of the 4 systems exposed at North and South
facing in BM are shown ifig. 111 Predictablyit shows that system 1 is the best and
the worst are th& systems based on the waterborne pretreatment primers. South

facing panels for the 3 systems deteriorated less than North facing panels, as you

would expect.
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4.4. Summary of accelerated and outdoor weathering tests

Test System 1| System 2| System 3| System4
Cell + | EIS(Zo1n) 1.8x1¢ | 4.3x1¢ | 1.0x1G | 7.5x1C0
1000h Degree of blisteringl None 5(S9 3(S3 4(S3
NSS + | EIS(Zo1.+) 1.9x1¢ | 7.2x1G¢ | 1.5x1¢ | 7.2x1d
1000h e of biistering] _None | 5(54 | 535 | 5(%5)
Humidity | EIS (Zo1.v) 3.7x1¢ | 3.4x10° | 5.9x1C 4x10°
+1000n Degree of blisteringl None 2(S2) 3(S2) 2(S2)
BM-N +2 | EIS (Zo1. h) 2.6x1¢ | 1.0x1G | 5.4x10 | 4.4x10
YEars  I'Segree of blistering]  2(52) | 5(34) | 3(3) | 3(2)
BM-S +2 | EIS(Zo1. h) 3.0x1¢ | 4.4x1G | 4.4x16 | 9.9x1C
YEars  I'Hegree of blisterig | 2(52) | 4(%2) | 2(32) | 3(2)

Table8. Summary of accelerated and@aor weathering testharacterisety EIS

andassessed hyegree of blistering

Theresults offour systems testefdr 1000 hoursn a cell,NSS, humidity and
2 years inBM-N and BMS are shown in Table &he EIS results were based on the
total impedance of theoatingsystem.The degre®f blisteringresults were assessed
by using ISO 462&:2003. The results show that system 1 wesbest in all tests
with little or no deterioration. System 2 was the worst in all t&ststem 3 and 4 were

similar in all tests with no significant improvement between the two systems.

It was very difficult to distinguish which test deteriorated the most when
comparing them to thieur systems. If the tests were compared to individual system,
then for system 1gell and NSS were the least severe and the most aggressive tests
were humidity, BMN and BMS. For system 2, been so poor in performance in all
tests, there was no signifitadifference in the results of the tests. Egstem3 and 4
the least severe tests were NSS and-8Mnd the most aggressive tests were cell,
humidity and BMS.
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4.5. Development ofFIB/SEM technique to observe corrodd coated panels

The ultimate golawas to optimise the technique so that pigment dispersion,
interfacial properties and changes occurring after exposure could be studid.
analysis was included in this study to investigate the chemical composition inside the
coatings. Only the topcoatde of the prgpainted product wamvestigatedas this is
the surface normally exposed to the environment. This investigation constituted part

of a larger project assessing corrosion performance of organic primers.

4.5.1. Results and discussion

There isa lot of information available on sample preparation for SEM analysis
[109][113][127][128] [129] [130] [131] but few detailof good practice o$ample
preparation for analysis of cresectionsof organic coating using FIB/SEN117]
[121]. The following setions show how an effective procedure was developed, using
examples from variousrials to demonstrate some of the isswencounteredTo
illustrate this, aschematisummary of the developmeptocesss shownin Fig. 112
which, outlines thelogical order of the steps used to develop the milpngcessso

that an effective EDS analysis of the sample can be produced.

e heam e heam ¢ beam
e beam I" beam I* beam I* beam
I* beam \ \
Milled Milled Milled
Milled area 5:] area area
area T T— /
Sample Sample Sample Sample
B

Figurel12 Schematic representation of sample position and beam gedrigtty

Sample stage at 580 that the ion beam is 9t the top surface of the samj&.

The milled area is at the centre of the sample. The milledBr&samoved to the edge
of the sample and polished to improvera§ detection  The milled shape is

modified to an isosceles trapezoid to further improvedy)detectionlncrease in the
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tit and rotation angles added additiorfd) improvement in Xray detection and
resulted in no shadowing effect.

4.5.1.1. Milling at centre of sample
During the initial experimentsnilling was starte@t the centre rather than the

edge because of the possible damage caused during the sample cutting process.

Figure 113ashows a secondary electron SEM image of a milled area of pre
painted metal athe centre of the sample. It can be seen that the milling process
produces a poor finish for the cressction, with no distinction between the coating
and substrate, demonstrating why further material removal at lower beam current

HSROLVKLQary folgdo@imagliay of the crosection.

Figure 113bshows a secondary electron SEM image of the same secten
in Fig. 113aafter polishing. Both the HDG steel and coatings containing pigments can
now be observed. The combined coatings (topcoatpainier) have a thickness of

approximately 35 pm.

Figure113 Secondary electron SEM images of millealgnd polished areab)(at
the centre of sample. The red box indicates the area where EDS elemental mapping

was performed (& Fig.117for results)

EDS analysis was carried out on the cresstioned area of this sample. Uitig
114 shows EDS mapping of carbon in the cresstioredand highlights the problem
with producing a crossectiored from the centre. The grey and whipéels indcate

the presence of carbon, therefore bright negi@present carbon rich areas, while
157



black areasndicate an absence ®fray detection. This was caused by twating
wall obstructiy the Xray signal thus creating a shadowing effgdf) graphically
illustrated in Fig114. Other elements were also mapped @hatwnhere) and showed

similar results.

Figure114EDS element map for carbon after polishing. Creesstion taken from
sample centrdllustration showingshadowing effect caused by the wall of the

milled area.

Due to the poor detection of-pays from the centre of the sample, the FIB milled

crosssection was moved to the edge of the sample.

4.5.1.2. Milling at edge of sample without sample preparation

Figure 115ashows a secondary electron SEM imageniled area (1) at edge
of the sample without preparation. It clearly shows that the coating has been damaged
through the use of a guillotine. Even after milling back from the edge with the FIB,
tears in theoating (2) can be observed in the cresstion areallso apparentvas a

charge buileup in the coating (5).

Figure 115b shows the backscattered electron SEM image of the milled area
(1). The dark area represents low atomic number elemegariar coating) and the
lighter area represents the high atomic element (HDG stédwd)contrast in the HDG
steel revealing the steel (4) and zinc layer (3) is more apparent in ckschter

electron image
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Figurell5 Secondar electron SEM image of milled aréa). Backscattered
electron(BSED) SEM image of milled areg). Number anotations are described in
the text Thewhite box indicates the area where EDS elemental mapping was

performed (See Fig. 119 for results)

Although the location of the crosgction was moved to the edge of the sample, poor
elementatompositiondata was once agagbtainedfrom EDS analysis. Fige 116
shows only half the map area for carbon which represents the organic part of the

coating was dected (1). Same effect that was seen previously inlE4g.

Figure116 EDS element map for carbon. Cressxtion taken at sample edge.
lllustration highlights theshadowing effect caused by the wall of the edilarea

(annotation 2)
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As the micrographs ikig. 116 show, further refinement of the technique was
needed due to the damage caused to the coating when the panel was guillotined. The
method adopted was to hapdlishthe same edge with coarse and finé¢ gapers to
remove the damaged area. The other optionld have been to mill deeper into the
sample until no damage to the coating can be seen but this would takeusimger

FIB than hand polishing

An additional improvement was to charitpe mill shag from a rectangle to
an isosceles trapezoid to improve theay detectiorby removing material blocking
X-rays from the detector pativhich reduces the shadow effect shown in Fig 114
and116.

4.5.1.3.Milling performed at the polished sample edge wh modified milling
shape

Figurell7images show the top down view of ion beanand electron beam
(b) is interacting at a different angées well as detector angleigure117ashows a
Ga' ion FIB image taken from the edge of the sample whiak goingto be milled
using an isosceles trapezoid shape showmhite (1). Also visible in the FIB image
is a strip of deposited Pt (2), whigfas used to protect the surface from stray, out of

focus ions and give a smoother surface after millirity].

Figurel117. Ga ion FIB image of edge of sample before milli&). White
annotation indicates milling location. Secondary electron SEM image of first milled

area without polishingb).
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Figure 117b shows asecondary electron SEM image of the first milled area
and it can be seen that there is no apparent damage to the surface of the coating. The
Pt layer had protected the coating and all that remained of the Pt was a thin strip on
the surface of the coatin@)( The image also shows that at the edge of the sample,
there was no damage to the coating itself. This demonstrates the benefit of hand
polishing the edge of the sample with abrasive paper before milling.

Figurell8ashowsthe Ga' ion FIB image of edgef thesample aftethefirst mill (1),
also visible in the image is a depositdayer of Pt (2). It clearly shows that further
materialremoval wagequired in front of the milled arg&). An isosceles trapezoid

milling areashownin white (4) was usedtremove this unnecessary material

Figure118 G4 ion FIB image of edge of sample after first nid). White
annotation indicates milling location. Secondary electron SEM image of cross

sectioredarea after second m{lb).

Figure 118b showsa secondary electron image of cresctionareaafter
second millwith no material in front of the crosection (5) butvith some damage
(6) on the surface of the coating. This was the raxutbilling at a high acceleratig

voltageto remove the edge material quickly.

Figure 119a showsa secondary electron SEM image of second milled area after
polishing. The topcoat, primer and HDG steel can be observed together with a thin
line of Pt deposited on top of the coating. In the topcoatpaimer, pigments and
iInorganic materialsan beobserved.
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Figure119b showsabackscattered SEM imagetbe second milled area after
polishing. The contrast in the image clearly shows the different materials pmethe
painted metaproduct.Lighter stadesrepresenmaterials with higher atomic mass
The aganic naterials, associated with elements having lower atomic mass, are
represented by darker ared@ikethin, bright line on top of the coating is the protective
Pt strip. The HDG steehgainshowstwo distinct layers, which represent zinc and
steel.lt is also possible in these micrographs to distinguish the primer and topcoat

layers, as indidad by the annotations in Fig. 119

Figure119 Secondary electraf@) and bakscattered SEMb) images of cross
sectioredarea after polishing. The red box indicates the area where EDS elemental

mapping was performed (See Fig0ir24for results)

Figure 120 shows the topcoat, primer and the zinc layer of the HDG steel.
Again, it is possible to differentiate visually between the primer and topkadiarge
build (1) up was alsevidentin the primer area due to the nature of the pigment.used
The main focus was to analyse the primer and its surroundimguding the zinand

topcoat.
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Figure120 Secondary electron SEM image of polished area that was mapped using
EDS analysigSee Fig. 24 for EDS analys method development and Fi@5ifor

all elements identified in this cresgction).

Figure 120shows the improvement in mapping quality of cross section area of
sample by changing the stage tilt and rotation aris improves the detection of
X-rays from the substanead reducetheshadow effecapparent in .114and Fig.

116

Ckal 2 C kat 2 Ckat 2

Figure 121 EDS carbon element mpa acquired from area shown igF120 at 53.3
tilt (A), 60°tilt (B) and 60 tilt and -9° rotation (C).lllustrations showhow the
shadowing effecfmarked 1 on mapyas eliminated by changing thi& and

rotation
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The light areasepresent areas where carbon was detected. The dark areas in
the carbon map represenb detection of carbon and are associated witer
inorganic elementd he shadowing apparent in Fijl4 and116 is still visible inFig.
121a(marked 1 on map), tlugh it can be seen that changitige shape of the milled
area to a trapezoid has reduced the effect. Increasing the tilt anglé ftotbér
improved the ability to obtain elemental data from the bottom right hand cdrtier o
crosssection (See Figl21b). However, detection of Xays from all areas of éh
crosssection, shown in Fig. 115achieved by additionally rotating the stage3®
The dark area at theottom of the images represemiac (2) aad can be supporde
from Fig. 122

Figure122 EDS maps for elements identified in #tr@sssection shown in Fig.

121c Differences between topcoat, primer and substrate can be observed.

Figure 122 shows all the elemental maps of the amsns figure 124cusing
6( tilt and -9° rotation to analysthat sectionEach map represents an individual
element. Light areagpresent the presenelement in the element maphe elemental
maps correspondto the crosssection image in . 120 (Seenext pageshowing

explanation of the analysis).
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Figure 13 shows the speaim of the area seen in figud®lc. The total
number of counts obtained for this spectrum was 550,000 and when zoom in at 10,146
counts full scale, elements of difemt atomic weight can be identified from their
photon energy (keV) values.

Sum Spectrum

Figure123 EDS spectrum of a sample in Fi1c.

Quantitative results

Concentration (Weight %)

c [+] Al Sl P 5 T or Fe Zn

Element

Figure124 Semiquantitative elemental results of sample in Biglc. The

statistical error, sigma quoted is less than 0.5 for all elements.
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Figure 124 shows the quantitative results obtaineahi the crossection in
Fig. 121¢ which includes the topcoat, primer and sultetrd@he elements in the
coating are Al, O, Si, S, TCr and Fe. These are derived from the inorganic pigments
and the matting agent (additive used to control the gloss of coatings) that were used.
The HDG steel is represented by element Zn, Fendl@ Mappingfthese elements,
also supports this. Althgi the topcoat, primer and substrate can be identified using
EDS mapping, no conclusive results were obtained indicating the presence of the
pretreatment layer. Although Ti andsRould bdound in chromtefree pretreatments
[93] [132] [133], the maps were not able to show a concentration of these elements
between the zintayer and the primer (See Fig4).

4.5.5. Summary

FIB/SEM is an effective technique to studyganic coating applied to metal
substrates. hsitu crosssectioning can provide secondary and backscatter electron
images revealing the pigment dispersion within a coating, the interfacial properties,

changes occurring after exposure, the thicknedseofdating and presence of defects.

The techniquehas the abilig to reveal small voids or other fragile features
without causing damage to samptasnpared to conventional mechanipalishing
methods, providingn optimum set of process parametess @eterminedl114]. But
it has its drawbackd he technique can only cut or mill small areas and the process is
very time consumingll14]. Other problems associated witte technique are related
to charge damage and artefagthich, can be generated due to striations and
redepositiorf114].

However viacareful development and optimisation of the techniquis
possibleto obtain reresentatie elemental data. It was found that optimal results were
obtained by milling an isosceles at the edge of the sample. Hand polishing before
milling was also found to be necessary when samples were prepared by guillotining.
Finally the tilt and rotation ofhe stage were changed for further improvement-in X

ray detection using a tilt angle of%&nd rotation angle op°.

EDS analysis allows mapping of the elements distributed in the coating and
also thequantificationof those elements in the coating. Tiesults obtained in this
study corresporetl to the formulation of the pqmainted metal product.
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4.6. Panelsinvestigatedby FIB/SEM analysis

4.6.1. Unexposed panels

This sectionwill concentrate on unexposed panelf the 4 systems. Each
unexposedsystemwas crosssectiored in two locations. They were itted and then
polished to allow imaging and analysis of crgsstiored area Mapping and line
scans wer@ised toanaly® themajority of thecrosssectioned areas

4.6.1.1. Unexposed paneif system 1(Sdventborne primer with anti -corrosive
pigment)

YA My )

«|spot WD | HV  det mag o —————————40um
' 4.5 /10.2 mm 10.0 kV ETD 4 000 x

Figure125 Secondey electron SEM images ainunexposed panel of system 1,
area 1. Crossectioredarea(A), topcoat/ primer/ zinc interfad®) andprimer/ zinc

interface(C).

The results of milling and polishing of system dbenchmarksolventborne
productare shown in Fig. 1251t shows the crossectiored area of system 1F(g.
125a) contaiimg the topcoat, primer, zinc and ste@h top of the crossectioned area
is Pt, whch is used to protect the surface of the sample from stray and out of focus
Ga' ions. Thefilm thickness of theopcoat is 14.6 um, the primer is Guéh thick and
the zinc layer is 14.amthick. The film thickness of the topcoat is quite low. It should

have been between 18 and itrometreswhichis normally used for precoated steel
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so thatoptimumcorrosion and durabilitperformanceare achievedrig. 12% shows

the topcoat, primer and the zinc layer of the HDG steel. It shows the different pigments
that were used in the coatindsgethemwith the measurements of the particlsown

in red Fig. 12% shows the primesind zinccrosssectiored area It alsorevealedthat
pigment particles aneottouching the zinc layer and zinc has different pha&sesther
example ofacrosssectioredarea of an unexposed system 1 can be seen in agpendi
IV (See Fig. 18)L
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Figure126. EDSspectra andnapping results adinunexposeganel ofsystem 1

analysedrom Fig. 225b.
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Figure127. EDS mapping results afdividual elements odn unexposed panel o

system 1 analysed from Fig. 3t2

The resultf elemental mapping of area Big.125b are shown in Figs. 126
& 127. Each map represents an individual elem@de Fj. 127). Colour areas
represent the element in the ma&so included is the spectrum of the area that was
mappedSee Fig. 26). The total number of countdbtained for this spectrum waat
least250,000 and the elements of different atomienberwereidentified from their

photon energy (keV) values.
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The quantitative results obtained from the cresstiored of unexposed
system 1in Fig. 13%, which includes the topcoat, primer and zinc layer. The elements
in the coatingvereC, Ba, O, SiZr, S and TiThesewerederived from the inorganic
pigments and the matting agent (additive used to control the gloss of the coating) that
were used. The HDG steel is represented by elenzmtFeand O. Although the
topcoat, primer and substrate can be identifiedgu&DS, no conclusive results were
obtained indicating the presence of the pretreatment layer. The maps were not able to
show a concentration of these elemdftsTi and Zr)between the zinc layer and the

primer.

4.6.1.2. Unexposed paneif system 2(Waterborne pretreatment primer with no
anti-corrosive pigment)

Figure128 Secondgy electron SEM images ainunexposed panel of system 2.
Crosssectioredarea(A), topcoat/ primer/ zinc interfag®) andprimer/ zinc
interface(C). Red arrowsepresenthe phase differene between topcoat and primer.

A white square shows area of EDS analysis

Theresults of niling and polishing of system, 2n experimentalaterborne
pretreatment primer containing no aotirrosive pigmentareshown in Fig. 28. It

shows tle crosssectiored area of system PSeeFig. 128a) containing the topcoat,
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primer, zinc layer and steel. The film thickness oftthgcoat is 14.21m, the primer
thicknesss 8.8 um and the zinc layer 613 um thickness Again the topcoais lower
than what isxormallyrequired Fig. 128> show topcoat, primer and a red arrow, which
indicates the phase differeneeparatioetween the topcoat apdimer. This may be
caused by the topcoatibg solvenborne and pretreatmentimer beng watetborne.

It showsthereis no pigment in the pretreatment primer lay€ig. 128c shovs the
topcoat,primer and zinc. It also reaéed thatthere is a phase difference between the
topcoat and pretreatment prim&he white square veaarea angsed by EDS analysis
(See Fig. 129and 13®). Another example o& crosssectioredarea of an unexposed

systen2 can be seen in appendi (See Fig. 18P

Fig. 129shows the pretreatment primer and zamea, which is mappednd
the results @& shown in Fig. 130. Figure 13Biows the quantitative results obtained
from the crosssectioredin Fig. 129 which includes the pretreatment primer and zinc

interface.

Electron Image 1

ipm

Figure129 Secondey electron SEM image afhunexposed paai of system 2hat

wasmapped.

171



B 5um Spectrum
Witk o
566 0.2
405 0.2
] 0.1
0.3 0.0
0.3 0.0
0.1 0.0
0.0 0.0

n 7n

Figure130 EDS spectrum adnunexposed panel gfystem 2 in Fig. 28.

The elements in the coating &g O, S and P. These are derived from the
adhesion promoter and surfactants theg used. fie zinc layer is q@resented by
element Zn and Al which iadded tahe zincto improvethe adhesion of the zinc to
the steel hence aiding flexibility.

4.6.1.3. Lhexposed panebf system 3(Waterborne pretreatment primer with
anti-corrosive pigment)

Figure131 Secondary electron SEM imagesanfunexposed panel of system 3,
area 2. Crossectioredarea(a), topcoat/ primer/ zinarea(b) and pimer/ zincarea

(). A white squareshowsarea of EDS analysis.
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Theresults of millirg and polishing of systeB) an experimental watdiorne
pretreatment primer coaning anticorrosive pigment arghown in Fig. B1. It shows
the crosssectiored area of systenB3 (See Fig. 13la) containing the topcoat,
pretreatmenprimer, zinc layer andteel. The film thickness of thepcoat is 1& pum,
the primer is7.1um and the zinc layer ibetweenl7.9 and 20um. This time the
topcoatthicknesswasslightly lower than what is requiredhe white box represesnt
an areahat was mapped.Fig. 131b shavs the topcoat, primer andinc layer.lIt is

difficult to see if therés a phase differese between the two coatings.

Fig. 13lc shovs the pretreatmenprimer and zinanterface It also reealed
that therewere anticorrosive pigrents present in the coadj as wa expectedThe
white squarsarearea that wereanalysed by EDS analysis (Seed-ig® and 13).
Another example of a crosectiored area of an unexposed syst8man be seen in
theappendx IV (SeeFig. 182), which shows ghase difference beeen thesolvent

bornetopcoat andvaterborne pretreatmemtrimer.

Figure132 Secondary electron SEM imag® and theresults of EDS mappind)

of anunexposedgbanel ofsystem 3 from Fig. 1B3A.

Fig. 132shows thesecondaryelectron SEM image of pretreatment primer
and zinccrosssectiored area(a) and the mapping results of that ardg. (Also
included are the elements detected in the map andtaestageremapped. The results

of the mapping are shown in Fig.38&s spetra.
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Figurel33 EDS spectra ainunexposeganel ofsystem 3 from Fig. 1Bwith 3 area

of analysis.

Map 7 shows the quantitative results obtained from Fig, W®ich includes
the pretreatmenprimer and zin@area The elenents in the coating afe, O, Si, P and
S. The resu#t werethe same as in system 2 ceptthat this time Sivas detected,
which represented the ammorrosive pigmenf{calciumion exchangssilica) used in

this formulation. The zinc layer is representgdelement Zn and Fe.

Map 8 shows the quantitative results obtained ficaitiumion exchange
silicapigment in Fig. 13. The elements in the pigmentreSi and Ca and thiwere

expected. The other elements are from the pretreatment and substrate.
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Map 10shows the quantitative results obtained from pretreatmenepzinc
interface in Fig. 132The elements in the interfaseereZn, C, O, Si, P, S and Ca and
the resultsvereexpected. The Ca element may be detected at the interface or from the
pigmentnearby. It was difficult to confirm wheherthe detecte€acame from. It may
be from the interface of pretreatment pringntc or from surrounding calcium silicate

pigments.

4.6.1.4. Unexposed paneif system 4(Waterborne pretreatment primer with

anti-corrosive pigment and pretreatment technology)

Figure134. Secondary electron SEM imagesanfunexposed panel of system 4,
area 2Crosssectioredarea ), topcoat/ primer/ zinarea(b) andprimer/ zincarea
(). A red arrowrepresentghe phase difference betweémetopcoat and primeri

white squareshowsarea of EDS analysis.

Theresults of milling and polishing of system 4, an experimental waiane
pretreatment primer containing aobrrosive pigment and pretreatmentheclogy
are shown in Fig. 136. It shows the cressctiored area of system 4 (Fig. 48)
containing the topcoat, pretreatment primer, zinc and steel. The film thickness of the
topcoat is 18.5 pm, the primer is 8.3um and the zinc layer is between 13.8.apl

This time thdilm thickness of théopcoat was wthin what is required. Fig. 1®4show
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the topcoat, primer and a red arrow, indicating the gmesof a phase difference
between the topcoat and primer. This may be caused by the topcaasbeert-
borne and pretreatment primerrggwaterborne.

Fig. 134c shovs the pretreatment primer and ziowsssectioredarea It also
revealed that there are calcium silicaggigments present in the coating and the
difference phasen the zincwasexpected. Aother example of a crosectioredarea
of an unexposed system 4 can be seen in the app&hfbee Fig184).

Figure135 Secondary electron SEM imag® and the results of EDS mappir) (

of anunexposegbanel ofsystem 4rom Fig. 136a

Fig. 13 shows the secondary electron SEM image of a pretreatment primer
and zinc crossection aread) and the mapping results of that arlea Also included
are the elements detected in the map andlifferentareas going to be mappethe

results of the mapping are shown in Fig6 B3 spectra.
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Figure136. EDS spectra acinunexposeghanel ofsystem 4 from Fig. 37 with 3

locations of analysis.

Map 2 shows the quantitative results obtained from Fi§, WRich consisted
of apretreatment primer and zinc. The elements in the coatmgC, O andSi. The
results weresimilar to system 3 without the detection of P and’i&e zinc layer is

represented by element Zreand Al

Map 4 shows the quantitative salts obtained froncalcium silicatepigment
in Fig. 13%. The elements in the pigment we8eand Ca and thiwas expected. The

other elements werfeom thesurroundingpretreatmenprimerand substrate.

Map 6 shows the quantitative results alsted frompretreatment primetinc
interface in Fig. 18. The elementdetectedn the interface wergn, C, O,Al, P and

Si. Theeis no Cadetected.
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4.6.2. Exposed panels

Thissectionwill concentrate on exposed panels of the 4 systems. Each exposed
system adifferent time intervalg0, 192, 408 and 1000 hounsgs crosssection in
one or more locationsThe time intervals used are based on OCP and impedance
results.Only one example will be showior each time interval foeach system. fie
rest of the imageand analysis will be in apperdf (See Figl18596). Theexposed
panelsvere milled and then polished to allow imaging and analysis of-sexg®red
area. Mapping and line scamgere used toanaly® for the majority of the cross

sectioned areas.

4.6.21. Exposed panels of system(Solventborne primer with anti -corrosive
pigment)

4.6.2.11. System 1 submerged in a cell from 0 to 1000 hours.

Figure137. Secondary electron & backscattéelectron SEM images of unexposed
andexposed panelsfgystem 1 submerged in a cell fohr (A), 408hrs(B) and
1000hrs SE(C) and BSED(D) images. White squareshowarea of EDS analysis.
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Theresults of milling and polishingf system 1 submerged at 0)(A408 B)
and 1000 hourdg & D) are shown in Fig. 137There is no change, damage or defect
in the crosssectioned area exposed over time when gunder secondary electron
mode. In BSED imagethe dark area represents low atomic number element (organic
coating) and the lighter andiphter area represents the high atomic element (HDG
steel). The contrast in the HDG steel revealing the steel and zinc layer is more apparent
in BSED imagelt also shows thathe surface of theinc layerwas different ta~ig.
137d In the next few sedns, the results of system 1 submerged in a cell for 408 and

1000 hours will be revealed and explained.

4.6.2.12. System 1 submerged in a cell for 408ours.

The results of submerging system 1 in a cell for 408 hours are shown in Fig.
137 and 138. Figur&38 shows the secondary electron SEM image of a primér a
zinc crosssectiored area (@ and the mapping results of that arba Also included
are the elements detected in the map and the Hrataweremapped. The results of

the mapping are shown ing- 139as spectra.

Figure138 Secondary electron SEM imag® and theresults of EDS
mapping b) of anexposed panel dysteml submerged in a cell for 408 hours from
Fig. 137b.

Map 4 shows the quantitaé results obtaineftom Fig. 138 which consisted

of a primer and zinc. The elements in the coating are C, O, Ti and Si. The aesults
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similar to the unexposed panel. The zinc layer is represented by element Zn, Fe and
Al

Map 7 shows the quantitative results obtainednfrthe priner and zinc
interface in Fig. 138The elements in the primer wete O, Ti, Si and P. The other
elementsverefrom the substrate. There was no sign of Bag| electrolyte present
in the coating.

Figure139 EDS spetra ofanexposed panel afysteml submerged in a cell 408

hoursfrom Fig. 138with 2 area of analysis.

4.6.2.13. System 1 submerged in a cell for 1000hours.

The results of submerging system 1 in a cell for 1000 hours are shown in Fig.
137c and 14. Figure 14 shows the secondary electron SEM image of a primer and
zinc crosssectiored area and the area going to dalysed by point & ID analysis

The results of the mapping are shown in Figl 44 spectra.

Spectrum 3 shows the quantitatiresults obtaied from Fig. 140which was
analysed in the primeThe elements in the coating we&eO, Ti, Si and CI. The result
shows0.2% chlorineis in the primer at 1000 hours and not at the start or 408 hours.

The zinc layer is represented by element Zn, Fefdnd
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Spectrum 4 shows the quantitative results obtained from the primer and zinc
interface in Fig. 1@. The elemets in the primer wer€, O and Si. The other elements
(Zn, Fe and Alwerefrom the substrate.

Electron Image 1

Spectrum 3

Spectrum 4

Spectrum 5
¥

Spm

Figure140 Secondgy electron SEM image aihexposed panel of system 1
submerged in a cell for 100@urs.

M spectrum 3

=

Figure141 EDS spectra ainexposed panel of systerafibmerged in a cell for

1000hours. Spectrum 3 and 4 are the resaftareadocaedin Fig. 140.
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4.6.2.2 Exposed panet of System 2(Waterborne pretreatment primer with no
anti-corrosive pigment)

4.6.2.21. System 2submerged in a cell from 0 to 1000 hours.

det mag HV | det imag D

- ’ 07 |spot, WD
0KV ETD 4 000 x *1 40 1100 mm| 10.0kV |ETD! 4 000 x

spot WD = HV  det mag
45 100 mm 20.0kV ETD 2 000 x

Figure142 Secondary electron SEM images of xpmesed and exposed pasel
system 2 sugmerged in a cell fbhr (A), 192hrs(B), 408hrs(C) and 100thrs (D).

Theresults of milling and polishing of system 2 submerged #&)0X92 B),
408 (C) and 1000D) hours are shown in Fig. 24The investigtion started at blister
areas first and thenowed to areas with no deterioration, which was difficult to find
on coated panethat has been exposed 000 hoursThere was no material at the
primer/ zinc interface at the start, but after 192 hoursetiwerematerialspresent At
408 hours delamination of a blister observedand investigatedAt 1000 hours,
blistersarepresengll over the panebut it was not crossectiored Only anarea with
no blistering werecrosssectiored to see whether therare any corrosion produst
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presentand te results are shown in Fig. 16t shows that thene corrosion product
along the zinc layein the next few sections, the results of system 2 submerged in a
cell for 192, 408 and 1000 hours will bevealed atexplained.

4.6.2.22. System 2submerged in a celfor 192 hours.
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*| 4.0 {10.0 mm|10.0kV |[ETD| 4 000 x

WD HV
9.9 mm|10.0 kV

det |mag O — 10 ym ————

ETD| 8 000 x

Figure143 Secondarya & c) & backscattere(b) electronimages of an exposed
panel of system 2 submerged in a cell for 192 hours. Gexd®redareawith 2

white squareg¢a) zoom in area 1 Jtand om in area 2 (c
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The results of submerging system 2 in a celll®2 hours are shown in Fig.
143 Figure 143 shows the crossectioredarea of system 2 and the 2 white boxes are
areas where EDS analysis wik measuredFigure 148b shows the crossectiored
areaof topcoat, pretreatment primer and zinc in BSED imagining mode. It clearly
shows that the corrosion products (light grey) formed on top on the zinclayaot
purezinc (white). Figure 14 showsthe crosssectiored areaf topcoat, pretreatment
primer and zinc irsecondary electromaginingmode. Included in the image atree
measurements of the corrosion products formed on top on the zinc layer, ranging from
182nm to 1200nm.

Area 1 in Fig. 148 was analysed and the secondary electron SEM image is
shown in Fig. 14 together with points on the image where EDS ana@&going to
be analysed. One of thesults(spectrum 3) is shown in Fid45, which shows that
there wano chloride present. Keever, zinc or iron can be oxidised to form corrosion
products from elements found in theaalysis. The materials found avet purezinc
as supported by BSED imagkhey are mixture of oxiddiydroxideferrous withZn
[2] [8]. Area 2 in Fig. 18b analysis results are shown in the appeiix

Electron Image 11

Spectrum 6

+
Spectrum 3
Spectrtm 1
Spectr\.uw 4

= +
Spectrum 2
o

Spectrim 5
r

Spectrum 7
+

|
Spm

Figurel1l44. Secondary electron SEM image (image dfithe areashatwere
analyd The result is shown in Fig4%.
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Figure145 EDS spetrum of an exposed panel of system 2 submerged in a cell for
192 hours

4.6.2.23. System 2submerged in a celfor 408 hours, area A

Figurel146. A panel of system 2 submerged in a cell fo #Ours.

The results of submerging system 2 in a cell for 408 hours are shown in Fig.

146. It shows at the edge of the panel, tremeeacouple of blisters presentwo milled
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andpolished areas wemmnstructean this section. Therosssectionedgreasarefrom
the edge of a blisteg and~150um away from the blister (b The two crossections
wereimaged and analysed by EDS analysis as shown in the next section.

Figurel1l47. Secondary electron SEM images afrass-sectionat edge of alister,
located in Figl46a.
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The results of crossectioning at edge of a blister are shown in Figuié 4
shows that the pretreatment primes still adhered to the zinc biwgetherthey have
beenseparatedrom themain zinc layer witta gap of around 11 micneetresn depth
(SeeFig. 147a). Figure 14¥shows that there is a phase difference between topcoat
and pretreatment primer and corrosion prodactforming in thepretreatmenprimer
layer. Figure 14@ shows the growth of corros product crystals on top on the zinc
layer. The width of theserystallike structuregange from 85 to 25am.

Figure148 Secondary electron SEM imag® and the results of EDS mappir) (

of a crosssectiored area.

Figure 148shows the area that will be analysed by EDS analysis anelsiiés
of the mapping (Fig. 148. The map shows the different elements found in that area
and is represented by the various colours in that map. Chlorine wasedétettte
middle of themap which is represented by the turquoise colbhe. other elements of

Ba, O, Zn, Fe and C are there to represent the coating and substrate.

The mapping results of Fig. 1d&re shown in map spectrum. It shows that
2.3% chlorine was detected in the calmd area. The coating and substrate are

represented by the other elements found in the analysis.

Point & ID analysis waerformed orFig. 148&. It represented areas where
point & ID were doneThe results are shown in spectrum dirBig.149 which shovg

that 6.7% chlorines detected in point 9.
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Figure149 EDS spectrémap and spectrum @f Fig. 148.

4.6.2.24. System 2submerged in a celfor 408 hours, area B

The results of crossectioning~150 um away from a blistelare shown in
Figure B0. Figure 15@ shows thatthe pretreatment primer and ziace still intact
with no sign of corrosion present. When zamhn as shown in Fig. 1%0 corrosion
products were observed at the danthg®c area. Further magnification 46,000
timesrevealedthe presece of corrosion products formed dap of the zinc layer as
shown n Fig. 152c¢ The sizea of these corrosion product range between 47 and 343
nm. Also included in the image is the oxidation of the zinc layer when compaaed to

unexposed panel.
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Figure150 Secondary electron SEM images of a cremgtion area closdd a
blister, located in Figl46b. Crosssectioredarea A), dekcted area in the zinc layer

(B) and primer/zinc interfaceC)
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The results of EDS analysis of Fig. 150b are shown in Fig. 151 and 152
shows a small trace of chlorine present at the zinc layer, but the corrosion products
formed will be mainly based on oxides or hydroxides, which are difficult to distinguish
using this tehnique. The pretreatment primer and substrate are represented by the
other elements found.

Figure1l51 Secondary electron SEM image of areas going to be analgseyl
point & ID EDSanalysis

Figurel52 EDS spectra cdreas8 and 13 in Fig. 81.
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4.6.2.25. System 2submerged in a celfor 1000 hours

Figure153 Secondary electron SEM image of an exposed panel of system 2
submerged in a cell for 10(hours. Crossectionof milled area(A), topcoat/ primer
area(B) andtopcoat/primer/ zincarea(C).
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A number of areas could be cressctioredto show how severthe corrosion
can be after 1000 hours of exposure. Howgetee results have already beng
investigated andepoted at 408 hours when blistensere formed. The interesting
results willbewhatthe crosssectioredrevealwhen areas of the panel aneblistered
and havegood appearanagith no damage aredhe results of therosssection ofan
undamageareais shovn in Fig. 153and the image qualitig not as good as previous
samplesSEM image quality depends on a numobgfactors, the main factor is sample
interactions withthe electrons and th#& why 2 or 3 crossection areaare needed
for each sample.

Thecrosssectiored area of Fig. 158shows the topcoat, pretreatment primer
and zinc was still intact with each other, with g corrosion products present on
the zinc layer. Figure Bb shows the topcoat and pretreatment primer with no sign of
phase diférenceseparatioras observed in previous investigatioHawever it may
be due to theoorquality of the imag®btained Further magnification 06,000 times
revealed the presenoé corrosion products formed on top of the zinc layer as shown
in Fig. 153c. It enables the corrosion prodadormed on top of the zinc layer to be
measure@nd the size of the corrosion produ@nge betweer50nmand2210 nm.
Included in the image is thesencef oxidation of the zinc layer when compared to

an unexposeganel.
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4.6.2.3. Exposed panels of system(\8/aterborne pretreatment primer with
anti-corrosive pigment)

4.6.2.31. System 3 submerged in a cell from 0 to 1000 hours.

Figure154. Secondary electron SEM images of unexposeceapdsed pangsbf
system 3 submerged in a cialt 0 hr (A), 192hrs(B), 408hrs(C) and 100thrs (D).

Theresults of milling and polishg of system 3 submerged at 0 (A), 192 (B),
408 (C) and 1000 (phours are shown in Fig. 156.showstherearesmal changes
in the primer/ zinc interface at 192 (B) and 408) (@urswith one or two areas of
corrosion productforming. At 1000 hourgD), further growth in corrosion products
at the primer/ zinc interfacé observed andhey coveredthe length of the ross

sectioned area

In the next few sectionsthe results of system 3 submerged in a cell for 192,

408 and 1000 hours will bevealed anéxplained.
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4.6.2.32. System 3 submerged in a cell for 192 hours.

Figure155 Seconday (A) & backscattered electroB & C) SEM images of an
exposed panel of system 3 submerged in a cell foh@@. Crosssection of milled

area A), primer/ zincinterface(B) and another example of primer/ zinterface

(©).
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The results of crossectiming a panebf system Jubmerged in a cell for 192
hoursareshown in Fig 155. Figure 15a shows therosssectioredarea of the topcoat,
pretreatment primerzinc and steel. Theres a snmall amount of corrosion product
presengd at the primer/ zinc imrface. Further magnification of 20,000 times using
BSED mode reealsand proveshe presece of a corrosion product formed on top of
the zinc layer as shown Fig. 1%5b. The result is supported by the colour difference

of the corrosion product comparemzinc andcalciumion exchangssilica pigment.

Figure 1%c also show this effect but in a different locatiom the cross
sectiored area. In this regiganoxidation process seen irthe zinc layesupported
by compamg with an unexposed pandlhe diferent shades of whiteresentdin the

zinc are a good indicatioof oxidation

Figure156. Secondary electron SEM image of areasanalysed using point
& ID EDS analysis

The resllts of EDS analysis of Fig. 1%8e shownm Fig. 157 It detected small
traces of chlorinepresencen spectrunb, which indicated that at 192 hours chlorine
had diffused to the coating/ zinc interfacéelcorrosion products formed were mainly
based onmixture of oxide hydroxides and are difficulto distinguish by EDS
technique. The pretreatment primer and substrate are represented by the other elements
found. Spectrum 5 shows the presené&Ca which is associated witlsalcium ion
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exchange anttorrosive pigment. The other elements are from ttwating and
substrate.

Figure1l57. EDS spectra of spectrum 5 and 6 in Aig6.

4.6.2.33. System 3 submerged in a cell for 408 hours.

The results of crossectioning a panel of system 3 submerged in daefl08
are shownn Figure B8. Figure b8a shows the crossectiored area of the topcoat,
pretreatment primer, zinc and steel. Th&emall amount of corrosion product
presengd at the primer/ zinc interface. Further magnification of 20,000 times using
BSED modereveas the corrosiorproduct is ~2.5um in sizeas shown in Fig. 48b.
The result is supported by the colour difference of the corrosion product compared to

zinc andcalcium silicatepigment.
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Figure 160c shows the seconglalectron SEM image of Fig. 1B68It reveals
the corrosion producsurfaceis breaking up and the zinc layer has small areas of
damage.

Figure158 Secondary (A& C) & BSED (B) SEM images of an exposed panel of
system 3 submerged in a cell for 408I@s0sssection ofmilled area (A, BSED

image ofprimer/ zincarea(B) andSE image oprimer/ zincarea(C).
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Figure 159 shows the area that will be analysed by EDS analgsiand the
results of the mappindg). The map shows the different elements found in that area
andis represented by the various colours in that mMapadlorine is detected in the
map possibly due to small concentratidr0.1%presenedin the map area. The other
elements of C, O, Zn, Fe, Si and Al are there to represent the coating and substrate.

Figure 159 Secondary electron SEM image (left) and the results of EDS
mapping (right).

Figure160. EDS spectra of maps 30 and 31 from Figl.1
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The mapping results of Fig. 160 right are shown ipB@. It shows that no
chlorine was detected in that area. The coating and substrate are represented by the
other elements found in the analysis.

Point & ID analysis waperforned on the left image of Fig. 15%he results
are shown in spectrum 31 frofg.160, which shows that 3.6% chlorine is detected
in the corrosion product. The other elements are related to the coating and substrate.

Figure1l61l Secondary electron SEM imag® &nd the results of EDS mappiry).(
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Figure162 EDS spect of maps 2 and 8 from Fig. 163

Further EDS analysis were done at the primer / zinc interface to see whether Si or Ca
can be detected so proving the use of-eotiosive pigment role. Figure 1&hows

the ara that wasinalysed by EDS analysis (a) and the results of the mapping (b). The
map shows the different elements found in that area and are represented by the various

colours in that map.

Spectrun® shows th&eDS mapping resulting of Fig. 161The coatig is represented

by element C, O, and Si. The substrate is represented by element Zn, Fe and O.

Spectrum8 shows the quantitative values for those elemerite. pectrum shows
there was no Si or Ca presentdhe primer/ zinc interface, hence no protector

the steel.

4.6.2.34. System3 submerged in a cell for 1000 hours.

The results of submerging syst&in a cell for 1000 hours are shown in Fig.
163. Figure B3ashows the secondary electron SEM imagietopcoat, pretreament
primer, zinc and seel crosssectiored area At the pretreatment primer and zinc
interface therds large area of corrosion produftirmation. Also observed are the

different phases in the zinc and steel.

Figure 16® shows the secondary electron SEM image of the topcodt, an
pretreament primer. Due to the poor quality of the image, it was difficabserve

the phase difference betwettie two coating normally seen in previous images

Figure 168 shows the higher magnification of pretreatment primer and zinc

region. It siowsin details of the corrosion products tleeeformed at the interface.
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Figure163 Secondary electron SEM images of an exposed panel of system 3
submerged in a cell for 1000hrs. Craextion of milled areaX(), topcoat/ pmer

interface B) and primer/ zinc interfaceCy.

The thickness of the corrosion product layer is between 2 and 3 pm. Also
revealed from the image is the marking of the zinc layer with the corrosion products.
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Is this the effect of milling or polishing @ctual leaching of corrosion product into

the zinc layer?

EDS mapping and line scans of the pretreament primer/ zinc areas were

analysed and the results are shown in fig.-168.

Figure 164shows the results of EDS mapping of fig3&6In the figure, an
elemental map is present@dp left) together with the elemen{sight) of that map
represented by the different colowtthat elementThe coating is represented by
elemens C, O, Si, P, Ba and Ca. The substrate is represented by element Zn, Fe, and
Al. The corrosion product is represetby element chlorine and 2.1% was found.
The spectrum sbwn at the bottom left of Fig.166 shows tgantity of each element

that wa detected.

Figure1l64. EDS mapping results of area ofrperandzinc regionin Fig. 163.

Further EDS analysis were done using line soathodon the interface of
the pretreatment primer and zinc are shown in Fi§. L&upports the results in Fig.

164 and also shows that at the interface, 5.3% of chlavssedetected.
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Figure165 EDSIline scan results of area pifimer/ zinc interface in Fig.GB.
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4.6.2.4. Exposed panels of system(Waterborne pretreatment primer with
anti-corrosive pigment and pretreatment technology)

4.6.2.41. System 4submerged in a cell from 0 to 1000 hours.

Theresults of milling and polishing of system 4 submerged at 0 (a), 192 (b),
408 (c) and 1000 (d) hours are shown in Fig. 168. It shows there wabkttie dnange
in the primer/ zinc interface at 29b) and 408 (c) hours with one or two areas of
corrosion products forming. At 1000 hours (d), further growth in corrosion products
and delaminabn at the primer/ zinc interfads observed. It covers the length of the
crosssectioned are@-50 pm length

Figure166. Secondary electron SEM images of unexposed and exposed panels of
system 4 submerged in a cialt 0 hr (A), 192hrs(B), 408hrs(C) and1000hrs(D).

In the next few sections, the results of system 4 submergedefi for 192,

408 and 1000 hours will bevealed an@xplained.
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4.6.2.42. System 4submerged in a cell 6r 192 hours.

Figure167 Secondarya & c) & backscattered (Blectron SEM images of an
exposed panel of systefrsubmerged in a cell fat92hrs Crosssection of milled

area (a), topcoat/ primezinc area(b) andtopcat/ primer/ zincarea(c).
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The results of submerging system 4 in a celll®2 hours are shown in Fig.
167. Figure 16& shows the crossectioned are of the topcoat, pretreatment primer,
zinc and steel. Thers no sign of damage or corrosipduct ondp of the zinc layer.
Figure 16D shows the crossectioned area in BSED imagining mode. It shows the
topcoat, pretreatment primer and zinc layerefBhis no sign of oxidation process in
the zinc layer. Figure 169c shows the cresstioned area of topcoat, pretreatment
primer and zinc in secondary electron imagining mode. No analysis were done on this

sample due to poor sample interactions with EEBiique.

4.6.2.43. System 4submerged in a cell 6r 408 hours.

The results of submerging system 4 in a cell4®8 hours are shown in Fig.
168. Figure 168 shows the crossectioned area of the topcoat, pretreatment primer,
zinc and steel. At firsinspectionthere is no sign of deterioration at the pretreatment
primer/ zinc layer. Furthenspection reveals one corrosiproduct on top of the zinc

layer.

Figure B8b shows the crossectioned arean BSED imagining mode. It
shows the pretreatment prer and zinc layerin between them is the corrosion
product The dark area represents the low atomic number (organic coating) and the
lighter and brighter represents the high atomic element (zinc layer). The corrosion
product colour is between the two @ots and is not the same as calcium silicate

pigment.

Figure B8c shows the crossectioned area of pretreatment primer and zinc in
secondary electron imagining moogFig. 16&. It clearly shows there are corrosion
products at the pretreatment primemazinterface. Mapping of this area by EDS

proved the imaging is correct.
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Figure168 SecondaryA & C) & backscatteredR) electron SEM images of an
exposed panel of systefrsubmerged in a cell fat0&rs. Crosssecton of milled

area (A, primer zincinterface (B and primer/ zinc interfaceCy.
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Figure169 shows the area thatasanalysed by EDS analysis and the results
of the mapping $eeFig. 16%). The map shows the different elements found in that
area and is representby the various colours in that map. No chlorine is detected in
the map. The other elements of Zn, C, Fe, O, Si and Al are there to represent the

coating and substrate.

The mapping results of Fig. 16&re shown in spectruth It shows thano
chlorine was dtected in thaarea. The coating and substrate are presented by the other
elements found in the analysis.

EDS analysis were performezh a number of locations Fig. 169.0nly two
interesting spectra will be shown. Spectrum 2 shows the present of Dldétie in
the corrosion product. SpectrunsBowsthe present of 0.4% silicon and no calcium

at the pretreatment primer/ zinc interface.

Figure169 Secondary electron SEM imagk)(and the results of EDS mappirg) (

of thatimage.
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Figure170 EDS spectra of maps 1, 2, and 3 from F&p.1
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4.6.2.44. System 4submerged in a cell6r 1000hours.

Figure1l71 Secondary electron SEM images of an exposed panel of s§stem
submerged in a cell fdrO00hrs. Crosssection of delaminated area (a), topcoat/

primer interface (b) and delamination of zinc interface (c).
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The results of submerging system 4 in a cell for 1000 hours are shown in Fig.
171. Figure 174 shows the secoady electron SEM image of the topcoat, pretreament
primer, zinc and steel crosgectioned area. A separation eb ZHn depthis observed
in the zinc layer. The other part of the zinc, the pretreatment primer is still adhered to

the topcoatCorrosion prodcts are also in the pretreatment primer.

Figure 17b shows the secondary electron SEM image of the topcoat, and
pretreament primer. Due to the good quality of the image, a phase difference between

the two coatings is revealed.

Figure 17t shows the highiemagnification ofthe topcoat, pretreatment
primer and zinc regiothan in Fig. 17& It shows more in details of thenc layer,
separation in the zinc layer aodrrosion product®rmingin the pretreatment primer

Mapping angoint & ID are used tanalyse Fig 171c and 1B and theresults
are shown in fig. 72 and 174

Figurel72 EDS mapmg results oflelaminated area.

The results of EDS mapping of Fig. 171c are shown in Fig.. 1@2he figure,
an elemental map is pegted (top left) together with the elements (right) of that map
represented by the different colours of that element. The coating is represented by
element C, O, Si, and Ca. The substrate is represented by ed@mgelfe, and AlNot
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all the elements areepresented in the map, only elements that are important in
revealing corrosion produtThe corrosion produstepresented by element chlorine
(yellow) andis found across the pretreatment primer and small atmauhe zinc
layer (See Fig.172 The spetrum shown at the bottom left of Figa shows the
guantity of each element that is detectedetected 0.7% chlorine in the map.

Further EDS analysis of that regiddeeFig. 173) was dondoy point & ID and
the results are shown in spectrum 14. It shdole corrosion product contains 7.5%

chlorine. The other elements are related to the coating and substrate.

Figure173 Secondary electron SEM image of delaminated anedysed byoint
and ID.

Figurel74. EDS spectrum of area 14 from Fig5L
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4.6.2.45. Systens submerged in a cell up tal000hours.

Figurel75 Secondary electron SEM images of exposed panel of systems 1 to 4.

The results of submerging the 4 systems cel are shown in Fig. 179t
shows that system 1 had no deterioration in the €gesSoned areas after 1000 hours
of exposure compared to the other 3 systems. System 2 is the worst and this can be
seen after 408 hours exposurieere the corrosion produtas delaminated away from
the zinc layer and the coating still adhered to the corroded area. Systems 3 and 4 started
to corrode at 408 hours and deteriorated further a0 hoursf exposure, with
system 4 showinthe worst performance out of the 2 tgyss. Elaminaton between
the corrosion product and zinc layer can be seen in system 4, with the coating still
adhered tahe zinc Also showris the crackingin the zinc layer and this indicated that
there was migration of ionic solution travelling thghuthe coating into zinc and then

to the steel.

213



4.7. Carelation of EIS and FIB/SEM data

4.7.1.Correlation of total impedanceand corrosion products

A number of researchers have used impedance at 0.1Hz to show the total
impedance of a coatir[@7] [125] [126], whereby a coating with £0: cn? or over
impedancendicates no corrosion areagsesentd underneath the film. Between®.0
and 16 : cn? some corrosion is presem Below 16 : cn?represents a large area

of corrosion products.

FIB/SEM images will be used to support the statementthénprevious
paragraph by showing whaesults were found when panels different total
impedance valugsanging from 16to 10 Y cn? were crosssectoned. The cross
sections were investigation on at leas? 8amples, looking at 2 arepsr sample so

that it will be representative of that system under exposure.

4.7.11. Total impedance >1x18 : cm? and the crosssectiored area found.

Figure176 Bode impedance adulus(A) & Nyquist (B) plots of total impedancef

>1x10° Y cn? and the crossectioredarea obervedfor system 1(C).

The resultof total impedance greatéitan 1x16 Y cn?is thatno corrosions
seen in the crossectioned area &ysteml submerged in a cell for 2000 ho&ee

Fig. 179. The systenis behawng as a leak capacitor(b) with very high impedance
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(a) and the resulof this is good protection of the substratéh no sign of corrosion

(©).

4.7.12. Total impedance 4x10 : cm? and the crosssectiored areafound.

Figurel77. Bode impedance adulus(A) & Nyquist (B) plots of total impedancef

~1x10 Ycn? and the crossectiored area observe(l).

One or twocorrosion products were found on top of the zinc layer fiota
impedance of-1x10" Y cn? (See Fig. 17¥. An example of this effect is found in
system 2 sbmerged in a cell for@ hours. The gstemhas a high impedance value
but allows electrolyte through to the mesatface which react and forns corrosion
product. This is suppaetl by the second time constant found in the Nyquist, plot

which is smaller in size than the first time constaptesentedby the coating.

4.7.13. Total impedance 4x1® : cm? and the crosssectiored area found.

A few corrosion products were found on top of the zinc ldgera total
impedance of-1x1C° Y cn? (See Fig. 178 An example of this effect is found in
system 3 submerged in a cell for 408 hours. The system has a high impedance value

but allows electrolyte through to the mesalface which reacts and forms corrosion
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product. This is suppatl by the second time constant found in the Nyquist plot,
which is larger in size than the first time constant represdtéae coating.

Figure178 Modulus BodgA) & Nyquist (B) plots of total impedance eflx1® Y

cn? and the apsssectioredarea observe(r).

4.7.14. Total impedance 4x1® : cm? and the crosssectiored area found.

Figure179 Modulus BodgA) & Nyquist (B) plots of total impedance eflx1® Y
cn? and the crossection area observé@).
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A few corrosion products were found on top of the zinc layer for a total
impedance of aroundlx1® Ycn? (See Fig. 172 An example of this effect is found
in system 3 submerged in a cell for 408 hours. The system has a medium impedance
value but abbws electrolyte through to the metal interfaadich reacts and forms
corrosion product. This is suppedby the second time constant found in the Nyquist
plot, which is larger in size than the first time constant represented the chaiwve.

impedancevalue dso supportedhis results.

4.7.15. Total impedance 4x10* : ¢cm? and the crosssectiored areafound.

Figure180. Modulus BodgA) & Nyquist (B) plots of total impedance oflx10* Y

cn? and the crossectioredarea observe(C).

The breakumf corrosion products were found on top of the zinc layer for total
impedance of-1x10* Y cn? (See Fig. 18D An example of this effect is found in
system 2 submerged in a cell for 408 hours. 3ystem has a low impedance value
and allows electrolyte through to the metal interfad®ch reacts and forms corrosion

product. Ovetime, the corrosion product grows and delaminates.

Nyquist plot shows that there was corrosion prodpotsence in the erged
samplerepresentedby the formation of a second seaiicle but did not detect the
breakup of corrosion productsund in systen®. It may bethat EIS only measui

bulk area, not localised regiowhereas FIB/SEMould onlyanalysdocalised region
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due to the time required to cressction large arean this case ~50 punm length and
~40 pm in depth However,the image from Fig. 181c showsrther breakup of
corrosion productatthe crosssectioned areaalls.
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Chapter 5. Conclusionsand future work

5.1.Conclusions
This projectsuccessfully achievethe ains of acquiring theknowledge and
understanding of the corrosion mechanisms of coil coated products that utilise a novel
waterborne pretreatment using EIS and FIB/SENE ley findingswere
1) Corrosion starts at defects in the zinc layer not necessarily at thepzimet
interface.Corrosion produa werefound to separate away from the zinc layer
not from the coating as previousiynderstoodor blisters and delaminated
coatings.
2) Blisters wee observedt 408 hours, over 200 hours after tbenfation of
corrosion products could be seen on the FIB/SEM.
3) FIB/SEM was found to correlate with EIS measurementsthiscsupported
other researchexr who usedtotal impedance values an indication of
corrosion productsinderneath the coating
4) Development and optimisation of FIB/SEM was found ta bsefultechnique
to study crossections of prgainted metal. Information from secondary and
backscattexd electron images can reveal the quality of theticg (for
example adhesion to substrate, pigment dispersion, interfacial properties etc.)
and the thickness of the coating. Additionally it offers the ability to look at
specific areas of interest such as defects, contamination and corroded areas.
Elemenal mapping using EB measureghe distribution andamount of

elements within coatings.

Open circuit potential wassed tomonitor the electricalactivity of the 4
systemdested over timeMost of the activities occurred between 0 and 240 hours,
with the ptentialgoingeithermorenegativeor morepositive The potentiagjenerally
stayedconstant from 240 hours onward dependingvwbich tests were used. In other
accelerated tests, excdpt EIS cell, it was difficult to us®©CPvalues to determine

which g/stems were the best in corrosion protection.

Task 1 EIS was found to be precise and consistent in measuring electronic
components with known values. Tagorof each componemas less thaf.005%.

Whereas in coatingthe errors were highdue tq the paosity of thematerias, the
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effect of test conditions such as electrolyte solutidesyperatureand time The EIS
resultsfor coatingsweresystem and component depentd Solventborne primer had
the leastpercentageRSE compared to waterborne pretreztim primers. Film

capacitance haa lowerpercentag&®SE than film resistance and total impedance.

EIS measurements were usedct@racteriseéhe performanceof 4 systems
tested irthecell, NSS humidityand Bohus Malrdn. The data were expressed as Bode
impedance modulus and phase angles. The Nyquist plots were not used due to the
difficulty in expressing different magnituslef data @ one scale.

In all of the systems, especially at the beginning of each experiment there were
high levels of interferenc the spectra at around 5. It was found that the spikes
were caused by the coating. A good performing coating (systeravé)rige to the
spikes throughout the test period and a poor performing coating did not. Systems 2 to
4 represented this quiteell; especially system 2 the spikes in the spectra decreased

with increases in coating deterioration over time.

Task 2 ECMs were constructed fothe 4 systemstestedin different
conditions Different ECMs were used as the coasimtgteriorated over timeThe
components o¥o.1H; Rr and R arerelated tathe resistancenddecrease with time
indicaing decreasgin corrosion protection. The componemtsX,, Ci and Cq are
related to capacitan@ndincreasd with time, indicating increaskln water upake in

the coating and at treating/metalinterface

Cell exposurescharacterised byeIS shoved that system 1 had the best
performance with no corrosion, followdsy systems 3 and #h that orderand the
worstwas system 2. The total impedance and peeggnwater uptake supported this.

The other individual components also supported these results andedshiosy
importance of having antiorrosive pigmergin the coatings. Blistering was found to
developfor systems 2 to 4. No blistering was observed isteay 1, which was
expected as there was no corrogimesent The blisters were observed 408 hours,

over 200 hours after corrosion product were detected by EIS and observed under
FIB/SEM analysis.
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NSS exposures characterised by EIS skaiiat all systens deteriorated over
time. System 1 was the leaftected by the test followed by system 3, system 4 and
just slightly worse was system 2. Btoof the deterioration starteéehmediatelyand
lasteduntil 408 hoursafter which the panels delivereglasonablyonstant in values.
ECMs show thatsystems2 to 4 had similar performance atiek presence of aamtk
corrosive pigmenin the coating did not improwe results for systems 3 or 4. System
1 was the best witbnly asmall amount of corrosion preseNb blistering was found
for systeml. The other 3 systems all hétisters on the exposed areas. Blistering
started early fothe un-pigmented system 2 at 48 hours. Sys@&rand 4 hadntk
corrosivepigment in the coatingvhich delayed the onset of blistegrby about 200
hours. Howeverafter 1000 hours they well very badtheonly difference wa the

size of blisters formed.

Humidity exposures characterised by EIS sbdthat all systems deteriorated
over time, not as sexdy asin NSS, but more thaim the cell. System 1 was the least
affected by the test followed by systemtBensystem 4 and just slightly worse was
system 2After 24 hours of exposutée solventborne systersould be distinguished
from the 3 waterborne systems by comparmigthe imgdance moduliMost of the
deterioration started immediategnd continueduntil 192 hoursthen it stayed

reasonably constant tbe endof the test.

ECM shovedthat systera2 to 4 had similar performance atiegk presence of
ananticorrosive pigment inhe coating did not improve the results for systems 3 or
4. System 1 was the best with small amount of corrosion present. No blistering was
found for systenmi. The other 3 systems, all hblisterson the exposed areas. Blisters
were detecteearier for systems 2 and 4 at 240 houBisters were observed for
System 3 at 504 hours of exposure. Howewafter 1000 hours thefiad similar

deterioration to each other systems.

The degree of blistering ithe humidity test was not as seeasin the EIS
cell. The worstblisteringresultswerein the NSS chamber. The high salt content in
NSS may be thenfluencing factor in producing blisteraotthetesttemperatureThe
humidity test used no salt whereas the other 2 {Bs8S and cejlused 29/l and 50
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g/l sodium chloride solution respectively. The temperature of the humidity test was
the highest at 40C, followed by 35°C for NSS, and lowest was Z1for thecells.

Task 3: Outdoor weathering exposures characterised by dBt8v that all
systems deterioratemera 2 year periodNorth facing panels were generally worse
than panels facing Soutfihe mly excegtion was system for which panels facing
North and Soutproducedsimilar results. This might not be the case if the system was

exposed foalongerperod.

System 1 was the leadfexted by theexposurefollowed by systerm4, 3 in

that orderandtheworstwas system ZThe results show the importanstusing ant
corrosive pigmenin the coating No pigment wa used in system 2 anditdoor
exposure rsultsreflectedthis. Whereas accelerated testing did not show this, all three
waterborne pretreatment primers were virtually the s&@ystem 1 was the best with
small amount of corrosion preseS8bmeblisters weregfound for system after 2 years

The dher 3 systems all have blisters on the exposed ,angidssystem2 being the
word. System4 was only slightly better than syste®n They had blistersafter one

year and then had more blisters after the second year.

Task 4: FIB/SEM was used to observieet 4 systems submerged in cells for
1000 hours. EDS was used to analgbe areas of interest such; adefects,
contamination and corroded areas. Initial assessment of unexposed systegt show
that phase difference existed letween solvenborne topcoat ah waterborne
pretreatment primerwhereas between solvelbrne topcoat and primer there was no
phase difference. Sometintavas difficult to see this effect éuo the quality of SEM
images produced. tanbe related to how the samples interacted wiia electron

beam.

Task 5: SEM and BSEDOmages of system 1 tested for 1000 hours show no
sign of corrosin product at coating/ metal interface during the entire period of testing.
When analysdby EDS small traceof chlorine wera@letected in the coatingity. At
the coating/ metal interface there wassign ofchloring only silicon which suggested
that a barrietayer of silicatehad formedhere toinhibit the electrolyic activity and

protect the metal.
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In system 2, corrosion #eity started early anéfter 192 hours corrosion
products were formedWhen analysed by EDS)o chlorine was detected only
elementof C, Zn, O, Fe, S and P. The corrosion produes distinguished from pure
zinc using BSED images. Pure zinc was found to be brighter than antaiing
materials. This indicates that the corrosion products are eitheroxide or zinc
hydroxide The other elements found may be from the surrounding materials in the

coating.

After 408 hours of exposure, system 2 was severely deteriorated and whe
investigated athe edge of a blister, it was found that the coating was still adhered to
the corrosion product evenaihghthe corrosion product hadarted from the zinc
layer. In the corrodd areas crystdlke structuresvere found and the width ofeke
range between 85 and 26M. About 7% chlorine was detected in the corcbales.

Corrosion product was also observed in cresstioned area that had no blisters.

After 1000 hours of exposure, system 2 was severely blisteregvand/hen
investigate inanareaof good appearanceorrosion product was found at the coating/
metal interfaceThe crystal like structuresize of the corrosion product rampgom

few hundreds nanometres to 2.15 miogtres

System 3 was bettén protecting the steel fro corrosion than system But
not by much. SEM and BSED images supportedthisrebycorrosion products were
found after 192 hoursat thesame time as system Blowever the extent of the
corrosion was not as severe as system 2. It may be due tod¢hteddyer forming at
certain region of the coating/ metal interfac@.trace of chloride was detected in the

corrosion product.

System 3 only got worse after 1000 hours of exposiherebycorrosion
product was observed along the entire coating/ niatiifacein the crosssectioned
area There were blistered areas, libey weredifficult to find and crosssection.
Chlorine was detectem this region and the quantitieange from 2 to 5%. Little

deterioration was found between 192 and 408 hours.

System 4 was found to be slightly worse than system 3 and the results

supported the EIS measurements made eaflftar 192 hoursno corrosion product
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was found and this may be due to number of sectioned amelysedCorrosion
product was found after 40&urs anda small amount of chlorine was detected. At
the coating/ metal interface Si and Ca were detected indicating a silicate barrier layer.

After 1000 hours of exposure, system 4 Isadheblisteredareasand when
investigated furtheithe corrosion prduct was foundo part from the zindayer. The
coating was still adhered to the corrosion product. 0.7% of chlorine was detected in
the crosssectioredarea. 7.5% of chlorine was detected in the corrosion product.

Final task: FIB/SEM was found to corrate and support the work of many
researcherthey used the total impedance values to indicate the presence of corrosion
underneath the coatinflo corrosion was fouhfor total impedance value ofix1(®
Y F?PSmall amount of corrosion products were found for impedance values between
10°and1C® Y F°PSome corrosion products were found for impedance values between
10°and10° Y F?PRelative Arge aresof corrosion products were observied total
impedance <10 Y F?PInthe blistered area the corrosion produas found talepart

away from the zindayer, butthe coatingstill adhered to the corrosion product.

Overall the work has shown the value of EIS and NSS in predicting the
performance of coatinsystemdn BM-N facing natural exposurelt would appear
thatthe parameter that indicates potential failure most regularly is the double layer

interfacial capacitance.

The formulation of silicate layers containing calcium at the interface indicates
that the anticorrosive pigment is functioning as has been described in the literature
and that failure will happen without its presence. The fact that blistering starts within

the zinc corrosion produced not at the interface bapk®cent publishedork.
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5.2. Further work

1.

FIB/SEM analysighrough a blister and montage théferent sections of the
blister together.

FIB/SEM analysisof panels exposed in NSS, humidity and Bohus Malm

and correlate them with EIS results.

Expose more systems the cell and BM-N sothat predictionis accurateand
consistent

Investigate the effectiveness of different amirosive pigments towards
corrosionby EIS and FIB/SEM

Monitor, investigate, and characterise the effect of changing the@rasive
pigments, srfactants, degree of curend manufacturing methods on the
corrosion resistance of watborne chromate free pretreatment primers.
Monitor, investigate, and characterise the corrosion resistance of different
layers that make up a coil coating productse steel, the pretreatment on the
steel, the primer on the pretreated steel and the topcoat on the primed steel
shouldbe investigated.

Investigate how different steel substrates have an effect on the corrosion
resistance of the coil coating products.

Investigate the effect of cleanliness of steel substrates and how this affects the
corrosion resistance of waterborne pretreatment primer. Cleaning solution
concentrations and process (time and temperature) condsiomsld be
investigated.

The different coating systemshould be exposed in humidity, prohesion,

neutral salt spray and natural weathering in Sweden.

10. Electrochemical impedance spectroscopy and scaribahgn probeshould

be used to monitor, investigate and characterise the corrosionnesistahe

different coating systems.

11.Investigate how film formatioand degree of cure affettte barrier property

of waterborne chromate free pretreatment primers. The &muddbe on how

the stoving process, water and pigment concentration affeatfofmation.
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Appendix | £Supplementary information to chapter4.6.1.

1. Unexposed panelsf the 4 systems

Figure181l Secondey electron SEM images of an unexposed panel of system 1,

area2. Crosssection aread), topcoat/ primer/ zinarea(b) and primer/ zinarea(c).

Figure182 Secondey electron SEM images of an unexposed panel of system 2
Crosssection area {a topcoat/ primer/ zinarea(b) and primet zincarea(c). A red

arrowrepresents the phase differene between topcoat and primer.
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Figure183 Secondary electron & back scattered electron SEM images of an
unexposed panel of system 3, areal. Csession aread), topcoat primer/ zinc
area(b) and primer/ zin@area(c). A red arrowepresentshe phaselifferene

between topcoat and primer.

Figure184. Secondary electron SEM images of an unexposed panel of system 4,
area 1. Crossection aread), topcoat/ primer/ zinc interface)(and primer/ zinc
interface €). Red arrow pointing towardbe phase difference between topcoat and

primer.
239



Appendix Il +Supplementary information to chapter4.6.2.

Figure185 Secondary ektron images of an exposed panel of system 2 submerged
in a cell for 408 hoursA blister in the centre of imad@), crosssection of a blister

in A (b) and zoom in corroded area in B (c).
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Figure186. Secondary electron SEvhage(left) and the results of EDS mapping
(right) of an exposed panel of syst@nsubmerged in a cell for 408 houResults
are shown in Figl87.
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Figure187. EDS spectra of an exposed panel fileigh 186.
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Figure188 Secondaryd & c) & backscatteredb) electron SEM images of an
exposed panel of system 2 submerged in a cell for 40& hanga 2. Crossectioned

area ( BSED image okzoom in aredb) andSE image okzoom in aread)
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Figure 189 Secondary electron SEM image showing atkaswasmapped.

Figure190 EDS spectra adnalysed areas kig. 189
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Figure191 Secondary electron SEM imagésystem 2 submerged in a cell for 408

hours.

Figure192 EDS line scan 2 of Fidl91
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Figure193 Secondary (a & c) & backscattered electron (b) SEM images of an
exposed panel of system 3 submergeddelbfor 408hrs. Crosssection of milled

area (a), primer/ zinc interface (b) and another example of primer/ zinc interface (c).
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Figure194. Secondary electron SEM images of an exposed panel of sgstem
submerged in a cell fal08 hrs. Crosssecton of milled area (a), topcoaifimer

zinc interface (b) and primer/ zinc interface (c).
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Figure195 Secondary electron SEM imagepsimer and zinc area that wamped
at the primefzinc interface.

Figure196. EDS spectrum results at the primer/ zinc interface of148§.
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