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Abstract

This thesis is an investigation into the origins and severity of corrosion causedetevtied

road at the Port of Dover. The research in this thesis is comprised of collecting and analyzing
samples, taken uniformly across the bridge as well as providing a recommendation of an adequate
protection system based on the results.

The first stge of the project was a visual inspection of the bridge, completed in October 2017.
Based on the observations it was concluded that the original (old) part of the bridge showed a
higher degree of corrosion than the more recent (younger) part of the bindagalso concluded

that the Port of Dover itself is affected by parameters of both industrial as well as marine

environments, classifying the Port of Dover as a C5 corrosive environment.

There was two occasis of sample collecting, one on th& ¢f December 2017 and the second
sample collection on the 2f June 2018. Collected from the old and new parts of the bridge
respectivelyThe sample where stored in a controlled environment cimitacterizedby visual
inspection (Scanning Electron Microscopy; SEM), pH, conductivityay Diffraction (XRD),
Electron Dispersive Xay Fluorescence (EDX) and Raman spectroscbpym these analyses,
the severity, corrosion rates and products could be determined.

The esults obtained from the samples characterize the corrosion products to have high levels of
iron-based compounds from the steel of the structure. In addition, heavy metal compounds and
carbonbased compounds forming black particulates originating frorfugiemissions of heavy

traffic could be observed in a majority of the sampld® type and quantity of anions observed

in the samples varied across the bridge, proposing that the samples collected in areas exposed to
seaspray (elevatednd open siteglemonstrated higher levels of chlorine. While sites under the
bridge with poor circulation showed higher amounts of sulphates and nitrates from the diesel

emission.

The severity of corrosion on the elevated road is not showing signs of structural failuee a
present, however, there is corrosion occurring all over the bridge particularly around the bolts
where the current paint system has worn off. The most common types if corrosion identified

across the bridge are crevice and uniform corrosion.



Carbonbasedparticulates originatinfrom the diesel emission in the area are a major cause to
the observed corrosion types and rates. The particulates create a thin film across the bridge
adsorbing other airborne compounds, which contribute to the chemicéibmeestes of the
corrosion products. Hence, reducing the formation of the carbon(soot) thin films will improve the
lifetime of the corrosion protection system. Washing the bridge regularly, is advised to prevent
the buildup of the particulas, and thathe steel construction of the elevated road is carefully
washedand prepared appropriately prior to the addition of the new coating system. The coating

system proposed, based on the work in the thesis, is a zinc epoxy/polyurethane paint system.
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Chapter 1:Introduction

Corrosionis an expensive problem for everyorieis estimated that 3.1% of the worlds GBP
allocatedfor corrosion maintenance eveygar'll. Corrosionprocesswhen the right conditions

and & a resultjt is heavily affeceéd by the conditionsaround the corroding materidlany
different factors affect corrosion though they are mainly environmental, this means environmental
conditions play a major role in the rate and type of corrosion a material may urtergepheric
pollution, acid rain,greenhouse gases, depletion of the ozone layer all affect the rate of the
corrosion procesd his has led t@roposals of internation#&gislationto repairand preventhe
damagecaused by corrosiorCorrosionis one of theobserved devastatisrthat polution is
causing to the environmerthis decays difficult to stop but it can be slowed dowin effective
method for the prevention or slowing of this process, is to have a system that provides protection
in the form of a barrier to the$actors and monitor it continuously.

A properly installed system would perform more efficiently, fotonger durationwithout
maintenance and would also reduce the pollutionthe environment As environmeral
conditions affecthe speed of degradatiahe type of material anprotectivecoatingshouldbe

modifiedin the necessanyayto reduce thiproces&l.

This thesis details the investigation carried outlmelevated bridge in the Port of Doyén

order to determine the causes &yks of corrosiopresent on the structuré reviews previous
research done on corrosion and coating materials, the chemistry of the corrosion that is happening
to the bridge, byanalyzingthe corrosion products arattemptingto form a direct correlatin

between these products and the environmental conditions down at thé pap. detailing the
corrosion types, their severity and the environmental factors affecting the different areas of the
bride will be produced.

In conclusionthis thesis willprovide recommendations on the types of coatings that would be

bestemployedo prevent anymore corrosion occurring on the elevated bridge.
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The Projeci Port of Dover
The Port of Doveris an industriBbrtone o f t h e andisthé KO adihgdimkgoe s t
therestof Europe. n t he 19906s the port was handling

7.5 million freight vehicles, 14 milliotonsof cargo and over 66,000 shipping movements. All

within the space of 243 hectares oftaraand 140 hectares laind®. This isalarge amount of

traffic travelling through the port and the numbers will only have increasech c e t.ihe 1990
pollution from the heavy traffic and natural environmenfitthe Port gives risé a corrosive
ervironment This hasresultedin recentlynew section of the bridgshowng signs of faster
corrosionthan expected. Ehinvestigation into the corrosion process wpasnsored by the Port

of Dover with the aim of identifyinga solution to thecorrosion associated witthe elevated

bridge.

As part of this investigatigrsamples veretaken from both the old and new parts of the elevated
bridge in the PortThe samplesvere analyzed using several analytical techniguesluding
Scanning Electron Microscoftdectron Dispersion xRay SEMEDX), Raman Spectroscopy

and X-Ray Diffraction (XRD). Air monitoring was carried outin order to find a correlation
between the corrosiorrgructs found along the bridge and the air quality of those gridaemd
conductivity of the samplesexe alsarecordedjt wasexpeced thatlower pH would correlate

with more acidic corrosion products and vice versa with basic corrosion prodbetpH,
corrosion products and environmental analysis should provide a correlated overview of the bridge
and what is affecting the corrosion process in the different afedtse doridge.Details of

procedure, analysis and discussion of results will be discussed later in this thesis.

l|Page



1.1:Project Objectives

In co-operation with the Port of Dover authoriti@series of objectiveshere agreed upon that
the was tde delivered at the end of the project:

The causes of corrosion
The severity of corrosion
The types of corrosion

The corrosion products

= =4 -4 -4 -

An environmental analysis

Lastly, apaint system recommendation to then apply toelbgated road tprotect it from the
corrosive environment, as well as any otiresthods that could be implemented to protect the
structure.The milestones that where discussed and confirmed with thenRandér to meet the

project objectives were as follows:

Milestone 1 Training on analytical equipment, SEM/EDX, Raman and XRD.
Milestone 2: Begin mapping the elevated road.

Milestone 3: Sample collection from the first sample sites.

= =4 —a -2

Milestone 4:Charactaration and analysis afamples from the first sample collection

and produce a midterm report for the Port of Dover.

E]

Milestone 5:The second set of sample collection.

Milestone 6: Analysis of the environment.

Milestone 7: Research of coating systems amdntiost appropriate according to the

corrosivity of the environment.

1 Milestone 8: After analysis and interpretation of the samples, after research of protection
systems and viable paint systems for protection of the elevated bridge. A report and
presentatin were to be made to the Port of Dover presenting the results and
recommendations.

f Mil estone 9: Finishing the masterdés thes

reference.
This thesis will meet th&nal requirements for the project agreed witle fRort of Dover to a

standard where it can be used for reference in future decisions with corrosion problems at the
Port.
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1.2:Site Analysis

The Port of Dover has a lot ofehicular trafficgoingthrough itevery dayas mentioned in the
introduction,in such a small area this creates a concentrated area of corrosivel*agEms
elevated bridge isituatedin a highly pollutedpart of thisenvironment,part ofthe bridge is
directly on topof the filter road to edcferry outletallowing forall the pollution to be deposited

on the underside of the bridgéhe elevated bridge is also the main way to exit the Port from
leaving the ferry, sometimes there is a lot of traffic causing congestion allowing for any exhaust
fluids to drip down the side of the bridgks can be seen figure 1 below the bridge goes over

the input road to the ferries, the security gates and a carTrkehicles coming from the ferries

filter onto the elevated road via the ramps.

SURVY-GO18-PL-AR |

2% [TsuRvveoterlas N G
{3 it

Figure 1. Schematic of the Port of Dover including the elevated road.

The humidity of the Poiis higher than 40%which is the level requirefbr corrosion to take
place®l, Theremaybe othercompoundsnvolved, from the cliffs, oil/lubricants that havun
off from vehicles and other elements from unburhgdrocarbonsincludingchlorine from the
sea and theulfur oxides coming from vehicle pollution, the Port meets the requirerteebts

classifieda marine/industrial corrosive environmé&#t
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1.3:Corrosion

For a material to corrode it must have access to oxygen and water, a common exaneple is
corrosion ofsteel which contains irofn the corrosion process iron is transferred into rust, which

is aniron oxide.As this process is taking e in the thin film, other corrosive impurities in the

air are adsorbed, thisiisferred to as atmosphegorrosion themost commonly studied type of
corrosion This is an electrochemical process that occurs through surface wetting, a tHiintayer
forms on the surface of the material and allows for electrolytes to adsorb onto the surface of the
metal. Due to the thin filnthe process is easily influenced by temperature, humidity,
precipitation, type of alloy and air pollutants. There is an areodicathodic process that happens

like a battery, where there is a redox reaction in the thin film. The iron in the metal is anodic and

is oxidized meaning that the iron loses electrons as shown beBguation 1.

‘O "M cQ

Equation 1. Oxidization of iron,the anodic part of the reaction.

This process then reacts with the product of the cathodic reaction, the reduction of water into

hydroxide ions as shown belowHlguation 2.

0 ¢O0 T1TQ © 100
Equation 2. Reduction of water into hydroxédions the cathodic part of the reaction

Thetotal reaction will give the corrosion product iron hydroxXidest), which is shown below in

Equation 3, the full redox reaction.
¢OQ U0 ¢O0L © ¢OoQUL UL
Equation 3. Full redox reaction of the anodic and cathodic parts of the electrochemical process

for iron degradation.

The iron was the target material in this example with the water being the electrolyte in the

presence of oxygen from the atmosphere to form a rastipt ironhydroxide**!.
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Corrosion is grocess that affectaost materialdut mainly metals, ceramic and polymers. The
driving force behind the corrosi onAmaterialdsue t o
continuing to undergo chemical reactions until it transformed into the energetically most
favorable stateinderthe environmental conditions present. Again, iron metal is used as an
example. Under the correct conditions iron metal will be oxidized to iron ¢kig®s), where

iron is in oxidation state Reducing the pH of the environmefite(lll) is less stable vith

transforms into Fe(ll) leading the formation obther oxide compounds such as@£7.
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1.4:Typesof Corrosion

As seen in the reaction scheme for corrosion abowesosion can be thought of an
electrochemical proces$his is themain mechanism for the corrosion proceBse reaction
presented inEquation 3 above has assumed no outside interference from other chemical
compoundsAnother assumption is that the anodic and cathodic reactiohsjpening ovethe

total surface of the metdlut are not occurring simultaneously in the same place. Because of this
assumption it is viewed as having no macroscopic pockets of concentration differetimes in

electrolyte across the surface of the matdlthat the metal itself is homogenous.

All these assumptions lead to a uniform attack on the metal surtgfeered to asuniform
corrosion. This ishowever one of many different types of corrosion that can ac€he other
types of corrosioeviatefrom the previously mentiondiiniformo corrosion.There areseveral

parameterghat can occur and change the type of corrosion, some of these are:

The design bthe metal surface

The combination the environment interacting with the metal
How clean/rough the surface of the metal is

Other deterioration mechanism

Metal/alloy composition
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Acid material synthesis.

These differences will change tzectionand appeance of the attack, each type of corrosion
has its own visual characteristics. Due to this the type of corrosion can usually be ideiatified
visual inspectiorand, if necessargided bya magnifying glass. Each type of corrosion has
different causes, sa visual inspection is important when it comes to determining the cause of
corrosion/failure of the metaitructure®®. On this basis the following corrosion types can be
identified:

Uniform (general) corrosion
Galvanic (twemetal) corrosion
Thermogalvanic corrosion
Crevice corrosion

Pitting corrosion

Selective attack (delloying)

N o o bk~ wDd P

Intergranular corrosion
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8. Erosion corrosion

9. Cavitation corrosion

10. Fretting corrosion

11. Stress corrosion cracking
12. Corrosion fatigue

These are all the different types of corrosion that can be distinguished due to visual features.

Figure 2 below provides a simple illustration for these types of corrd$ion

Group |: identifiable by visual inspection

Uniform Corrosion
Group li: identifiable with special inspection tools

Intergranular

Group lli: identifiable by microscopic examination

Corrosion Fatigue

Figure 2. The different types of corrosidf.

1.4.1:Uniform corrosion

Uniform corrosion as the name suggests is a corrosion type that occurs over the entire surface of
the material at a slow and often predictamdee’?. Uniform corrosion is essentially theasic
definition of localized corrosion as it is only occurringtbe surface of the metédleal uniform
corrosion occurs when there is an equal flux of metal ions from the surface of the material and
cathodic ions from the reactantsteracing on the surfaceof the material The anodic and
cathodic sites are suffently small and uniformly distributesuchthatthere will not be failure

due toa localization othe anodic reactiosite.
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This failure usually occurs when there is any kind of physical irregularity with the metal surface.
This can involvegrain boundaries, crystal imperfections (dislocatindsurface stepsylifferent

phases and rough surfaces from; scratches, machinthgramaing. Any physical change down

to the atomic level can make some areas behave differently electrochemically, some being more
anodic when under aqueous conditiofbese changes are usuallgry small, macroscopic,
making the corrosion appear to béfarm corrosion. Effective uniform corrosion can also occur

when the diffusion through the corrosion products is the rate deternsteipigi*3.

1.4.2:Galvanic corrosion

Galvanic corrosioroccurs when twalifferent metalsare physically touching in @ oxidizing
medium.This is one of the most common types of corrosion and it can be found anywhere in a
corrosive environment, where there are two different conducting metalking This type of
corrosion results im fast degrdation of the metals buytas the potential of the two metals are
different it means that one metal will consume the othee. Jalvanic corrosion of one metal can
result in the corrosion protection of another medak to thissacrificial metalsareheavilyused

in industry to protect steel structures.

In galvanic corrosiontwo dissimilar conducting metals are exposed to an electrolyte, where a
current called the galvanic current flows from one metal to the dthére anodeelectronswill
be ceated by an oxidation process:

0 QO 0Q £Q

Equation 4. Anodic reaction.

This means that the anodic member is consuifteglreactions directly related to the current by
Faradayo6s | aw. Un d e nothec ¢ypep df comogion dsotakihg ptaéeo n s
simultaneouslyto theanodic member of the two metals. The difference between the galvanic
corrosion and the other type of corrosion is called the difference effect, which is either positive
or negative. In this case the galvanic protecfiootects the cathodic member of the two metals
and is known asprbeetidttf.dicamat hodi cally
Thermodynamically this process can ocspontaneously. The change in GibB¥) free

energy for the corrosion reaction predicts if the reaction istapeous: if it is spontaneous

Y'O 1t The change in free energy can be calculated from measuring cell po@rifia,

work done can be deliverdy an electrochemical cell in a given state witi®@, which is

equivalent to Gibbs free enerf¥.

Yo t'©@
Equation 5. Gibbs free energh”.
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Whereg, is the number of moles of electrof@is Faradays constant (96,485 C/mol) &nid

the cell potential (in volts) for a cell in a given stédte

1.4.3:Thermogalvanic corrosion

Thermogalvanic corrosioresults from a macrocouplehich is formed when two pieces of the

same metal are in a corrosive medium and have different temperatures. One of the pieces of metal
in this case will form the anode and corrode. The extent of the corrosion depends on the potential
difference betweerhe hot and cold pieces of metal, the electrical conductivity of the corrosive
medium, the distance between he pieces of me
process$t™. The best method of prevention for this type of corrosion is to heahetal and bring

it to a uniformtemperaturé'?,

1.4.4:Crevice corrosion

Crevice corrosion is a common type of localized corrosiat can be found in crevices or at
shielded surfaces where a stagnant solution is present. Thimisraontype of corrosiorthat
cancausestructural failureas it occurs with alloys that usually have excellent corrosion resistance
like stainless steednd corrosionis not always immediately visible. Crevices make a sheltered
chemical environment which is different from the normally exposed surface of a structure and as
a resultcanincrease the rat@nd severityof corrosion.The environment keeps muise trapped,
adsorbspollutants from the atmosphere, concentrates corrosion productdifussgsoxygen.

Most cases of crevice corrosion occur in reamtralpH environments in which dissolved oxygen

is the cathode reactant.

The crevices in which thigpe of corrosion occurs are formed by:
1. The geometry of the structure
Contact of metal with nemetallic solids
3. Deposits of sand, dirt or permeable corrosion product on the metal surface (referred to as
a deposit attack).
With any kind of corrosiorenery is required for the process to occline reacting components
go from a higher energy state to a lower energy ,siis releasg energythat allows the
corrosion reaction to take place. In dgnditionsthe diffusedoxygen reactgorming oxides with
the metal By forming ametal oxide layethe reactioract as a barrier for oxygen diffusion
Forming a protective layehaltingthe corrosion procesthis will last if this layer is intact and is

not removed or crackedt!.
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When moistire is trapped in a crevice and is the cause of the corrosion, it is referred to as filiform
corrosion. This is another type of crevice corrodioat essentially involves the trapping of
moisture between the surface of the metal and anmetal materialThere are specific cases that
involve magnesium containing alloys and this type of crevice corrosion. An example involves the
imperfect chemical conversion coating treatments using salts. Such salts include cerium,

vanadium, zirconium, tin or manganesetotect alloys containing magnesili.

1.4.5:Pitting corrosion

Pitting corrosion is a type of localized corrosievhere the material loss characterized by
penetrations occurring the in the surface of the métédk type of corrosiorcan be identified

with the rakedeye as there will be blemishes on thetall*,

Pitting corrosion will only occur in the presence of aggressive anionic spetidsnost
commonly chloride ionsalthough they are not always the caddee severity of the pittintends

to vary with the logarithmic of the chloride concentration. Chloride is an anion of a strong acid
and many metal cations exhibit great solubility in chloride ions. Assalt,the presence of
oxidizing agents in a chloride containing environnsers extremely detrimental to steel

structures, and further enhances localized corrd8lon

1.4.6:Selective attacki De-alloying corrosion

Dealloying is a corrosion process whitdrgets and removes one constituent from the alloy
leaving araltered structurélhe most commonly seen example of dealloying is from copper base
alloys, such as coppeinc and copper aluminum alloys. These attacks result in severe structural
loss from the alloy as it removes a key constituent. The mechanisnsfopthbsion is relatively

well understood, where the targeted metal undergoes an anodic resintitar to the way steel

corrodes with the oxidation of irpremoving the metal from the structure or aliSy?Y.

14.7:Intergranular corrosion

Intergranular corrosion is lao localized corrosionoccurring at the microstructure level,
specifically the grain boundary regiaf the alloy andis electrochemically different from the

rest of thea | | eigrésgructureCorrosion can occur when therehisterogeneitysuch as, a
changein the grainboundary structure. An exampig in aluminumcopper alloysif Al.Cu
particles are precipitadeat the grain boundary it leaves the adjacent solid solution anodic and
then morgorone to corrosion. In aluminumagnesium alloys the opposite occMg.Al s is less

noble than the adjacent solid solution. This corrosion can be avoided, if the correct manufacturing

and heat treatment is applied.
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Exfoliation corrosion is a type of amsionthat results from intergranular corrosi@@aused by
serious intergranular corrosioasulting insheets of the metal to come away parallel to the alloy.
Exfoliation is characterized by the lifting of the layer of uncorroded metath are swellig

away from the alloydue to the corrosion products produced by the intergranular corrosion. This
type of corrosion is usually observed around rivets and bolt holes where the end of the grain

boundariesreexposed??.

1.4.8:Erosion corrosion

Erosion corrosion is gradual wearing of a metal surface dua t@mbinationof both corrosion

and abrasiofrom a water stream running over the area. The greater the velocigyetterthe
corrosion of the metalAn example is that water moving inpais will contain air bubbles and
solid matter particulates|ike sand. This can string the protective oxide films on the surface of

the metal, which then allows for the corrosion of the metal to take ptace

1.4.9:Cavitation corrosion

Thecavitation process is defined as the formation of the vapor phase from a liquid due to change
in temperature at a constant ambient temperafimere are a lot of variables such as the change

in temperaturgurbulence and velocity but, the change of libiai vapor remains the sanvghen
thebubbles enter a region of high pressure or low temperatwyrétingt, producing a jet of liquid

with enough force terodemetal.Despite being a low energy event, it is a very localized type of

corrosioni?4,

1.4.10:Fretting corrosion

Fretting corrosion is a result of small cyclic movemdmgsveen two materialsaused by cyclic
loading. The reason this is called fretting corronsitstead of just fretting, is becaube fretting

allows for electrochemical imbalances to occur, allowing for corrosion to take place and increase
thedamage done. The other contribution of damage is rubbing between tow makeitatgpe

of corrosionmost commonly occurs to joints and bolts.

Essentially, aiece of metal clamped will rub, not causing visible damage but at the macroscopic
level the damage is severe enough to cause cracks between the two materials. The frictional heat
generated form the rubbing allows for subsequent welding to take placeebetve two metals,

which breaks apart during rubbing cycles. Oxidization promotes this process which is why it is

named fretting corrosion instead of just frettitty
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1.4.11:Stresscracking corrosion

This type of corrosion is quite rare but wherddes occur it can be devastating structurally
occurring with very little metal los$here are three basic mechanisms from this type of corrosion
the first being active path dissolution.

Active path dissolution is very similar to intergranular corrositere there is a gap in the grain
boundaries and some loss of metal from the alloy creating an electrochemical imbEtanee.

have also been cases of no imbalance and instead a form of crevice corrosion has occurred in the
alloy. When stress is applidtbwever, it opens the grain boundary more allowing for easier

corrosion product diffusion making the crack more dangerous and susceptible to corrosion.

The second mechanism is called hydrogen embrittlement. This is a case where hydrogen diffuses
into the alloy, getting irbetween all the big metal atoms. Hydrogen goes for areas that are under
a lot of high triaxial tensile stress where the metal structure is dilated. Attracted to high stress
areas hydrogen aids in the fracturing of the metal and caosétal embrittlement. In the most
extreme cases this can be a fast proopds 1mm/s

Lastly, the third mechanism is film induced cleavdfja.normally ductile material is coated in a
brittle film, then a crack initiated in that film due to stress can be propagated into the ductile
material before being arrested by ductile blunting. Some materials may reseal after such tensile

stress but, ithey cannot then that allows for further corrosiondour!?®,

1.4.12:Corrosion fatigue

Corrosion fatigue is the process where the corrosion has weakiifnedt i -ghe strdcture and

with a combination of other factors such as streddanding the structure can fail. An example
would be offshore flowlines where gas and oil companies prefer to use low alloyed steel. As a
result, pitting corrosion is commpiogetler with stress coming from thermal transients and
bending due wave motion, the structure canJath these pipelines giving rise to corrosion

fatiguel®.
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14.13:Summary
In the case of this project for the Port of Dover, the types of corrdsabmate relevant are:

Uniform corrosion
Crevice corrosion
Pitting corrosion

Selective attack Dealloying corrosion
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And intergranular corrosion

Uniform corrosion is the most basic typecofrosionso this expected to be encountered. Crevice
corrosionlikely due to the structure of the bridge aheé pollution from the continuous traffic

flow at the site pviding atmospheric pollutants that aid corrosion and covering the bridge in
carbon particulates. Pitting corrosicanalsooccur because tfie chlorindonscoming from the

sea salt. Dealloying as the bridge is made of a steel alloy so there is bound to be some leaching of
metal from the alloy. Lastly intergranular corrosion is a very common type of corrosion and it

opensup the coating and metal to more corrosion types.
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1.5:Environmental Conditions Affecting Corrosion

The Port oDover is an industrial povtith a lot of trafficpassing throughThis makes it a marine
and industriaknvironment with heavy atmospheric pollutionm transport associated by their
activities ®l. For a marinéndustrial environment the loss of metals, for example, iron, zinc,

aluminum and copper have been attributed to the following factors:

The relatie humidityi f it 6s | ess than 40%)%he corro:
Wetting time

Amount of chloride
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Presence of SQand NQ in the atmosphere

High corrosion rates in industrial areas have been linked to high concentrationwhiBOfor

marine environments it is the chloride contéhtAt the Port of Dover there will also be the NO

from diesel engines, resulting in the synthesis of nitric acid which contributes to a more acidic
environment®d. However,when it comes teategorzing the type of environment whether it is
urban, rural, marine or indugl, there are three maiparameteraised the time of wetness
(TOW); sulfurcompounds based siillfur dioxide (SQ), and airborne salinity contamination (ClI

) These parameters ar e sufedioxitedSD)aadssS fdl safiniyr(C). T OW,
Based on the measurements of these paransetdassification can be assigned.

TOW hyr ' 501 jLgm 3 mg m 24! Cl mg m 24!
T =10 Py <12 =10 So <3

) 10-250 Py 1240 10-35 51 3-60

13 250-2500 P2 40-90 35-80 S 60-300
T4 2500-5500 Py 90-250 80-200 Ss 300-1500
15 =5500

Table 1.Classification of TOWsulfur compounds using S@nd salinitycontamination (C)
(29

Using the properties iffable 1, provides standastthat allows for different lookip tables for
metals, iron, copper, aluminum, zjdeading to elassification sym of corrosivitybased on

the environmentThese classegenoting corrosion are given @4-C5.
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Corrosivity  Category  Carbon steel Zinc Copper Aluminum

(Lmyr h (Lmyr Y (myr b (gm 2_\*r h
Very low Cl <1.3 <(0.1 <0.1 Negligible
Low C2 1.3-25 0.1-0.7 0.1-0.6 <0.6
Medium C3 25-50 0.7-2.1 0.6-1.3 0.6-2
High C4 50-80 2.1-42 1.3-2.8 2-5
Very high €S 80-200 4.2-84 2.8-5.6 5-10

Table 2.Corrosivity categories based on the corrosion rates of iron, zinc, copper and aluminum
(29

As anexamplethe lowest ratingC1) is an indoor area with no pollution and low humidity, the
highest ratindC5) is a marine/industrial environment with a létadmospheric pollution. This is

the system from the |1 SO 9223 il ntkeThasstemon al
can be fully used to evaluate environmental stress on corrosion. The selection of anticorrosion
measures ogstimations of service life according to the provisionthefnternational standards.
Selective accelerated corrosion tests ased to verify the proposal of anticorrosion measures for
given environmentsNVhen these testsecompared to the expectedrausivity of the atmosphere

in the exposure conditionthey prove to not be similaifhis is expectethecause accelerated
corrosion tests do not correlate withrrosion stress ithe conditions of aeal environmeng?.
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1.6:Coatings

Before a decision is made on the type of protective coatings that can be used to prevent or slow
down the corrosion in steel structurésere must be an evaluation of the environment that the
structure is iland how this affects the types and rate of corrositiere are classifications for

how corrosiveanenvironmenis anddepending on location and pollutimecommendationsan

be made omvhat the steel should be coated®th

As stated beforeThe Pot of Dover i s an industrial Port,
UKbs |l eading link to the rest of Europe. I n
passengers, 3.3million cars, 7.5 million freight vehicles, 14 million tons of cargo andsc®@ 6

shipping movements. All within the space of 243 hectares of water and 140 hectares*bf

This port is in a marine environment with heangiustrialpollution from all the traffic that goes

through it. t is ina small areavith a high concentration of polluticand thiscan be visually seen

on the bridge in black particulates and other stains on the suefate

In terms of exterior environmestthe Port of Dover is the highest on the corrosivity scale as it is

both an industrial and marirenvironment®!. The Port of Dover fits a C5 classification, wcih
accordington e of fi ci al description i s, itmAyoccarost ¢
locally at western coasts or at particularly polluted industrial and wrhare #.s According to

the International Organi sati on [PabtsandSamnishesd ar d i
Corrosion protection of stesttuctures by protective paint systeriBart 2: Classification of environmeaniEN

ISO 129442, C5 is the highest corrosivity factor and is in an aggressive environment for pollution

with continuouscondensatioff.

Having established how corrosive thievironment is purely from it being an industrial port the
next phasavill be topick the appropriate coating that will B&ective in preventinghe corrosion

for as long as possible guch adifficult environment.

Coatings are made up of many different parts, a primer, sealer/under coat, intermediate coat and
finishing coat. The national physical laboratory has an example of a protective paint system that

helps displayan example, the buidp of a coating systeKgeeFigure 3).
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Intermediate Coat

Undercoat

Figure 3. Protective coating systelf.

1.6.1:Hot Dip Galvanising and Surface Preparation

The technique of Ahot dip galvanisingodo al on
corrosive environmentél. This technique is aosteffective way of protecting steel structures

and has beeim use sincd 850 when it took off as an industry protecting steel structur&4=8l,

Before going into this technique, the steel must be prepared for it, this is known as surface
preparation of the steedln important step in the coating procéssst instances of coating failure
are usually down to poor or incorrect surface preparation, this is itself a quality control as the zinc

will not react with the unclean areas of the steel after coming out of the zinc bath.

There are three steps to sudamating: degreasing, acid pickling and fluxing.

1.6.1.1Degreasing s either a hot alkali solution, mild acidic bath, or biological cleaning bath to
remove organic contaminants such as dirt, paint markings, grease, and oil from the steel surface.
Degr@si ng baths cannot remove epoxies, vinyl 0:
must be removed by giiitlasting, sandlasting, or other mechanical means before the steel is

sent to the galvanizer. This process is to remove dirt and contamorathe metal.
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1.6.1.2:Acid pickling : is a dilute solution of hot sulfuric acid or ambient temperature hydrochloric
acid which removes mill scale and iron oxides (rust) from the steel surface. As an alternative to
or in conjunction with pickling, tisi step can also be accomplished using abrasive cleaning, air
blasting sand, metallic shot, or grit onto the steel. This process is to remove any present rust on

the metal.

1.6.1.3:Fluxing: the final surface preparation step in the galvanizing processss$@rg purposes.
Firstly, removng any remaining oxides arsgtcondlydeposits a protective layer onto the steel to

prevent any further oxides from forming on the surface prior to galvanizing.

The flux process can be appliady one of two ways, wet or dryn the dry galvanising process,
the steel is dipped into a solution of zinc ammonium chloride. The steel is then dried before being
dipped in molten zinc. In the wet galvanising process a layer of zinc ammonium chloride is floated

on top of the molten ac so that the metal is fluxed as it is dipped into the molten*2ife.

In the galvanising step the metal structure is completely immersed in 98% molten Zinc. The bath
temperature is maintained at 2429 ltems immersed in the bath are keépere until they
themselves reach the bath temperature. The Zinc then reacts with the iron on the steel surface to
form an intermetallic alloy of Iron and ZifI8I3A40I41],

GALVANIZING
Surface Preparation Galvanizing Inspection

-»:~_\"‘-, &-:.-.. o .
N - Cooling
Molten and Cleaning

Rinsing  Solution

5 A ' Pickling
Caustic  Pinsing
Cleaning

Figure 4. Schematic picture dhe galvanisingprocess$*’.
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1.6.2:Thermally Spraying
Thermally sprayed coatings have been in use for many years to coat steel structures in a molten

metal that will protect it from corrosion in aggressiverironment$*”). The thermal spray process

itself can be split into twgroups, combustion and electrical.

Thermal Spray Process

Combustion Electric

v v v y

)
g : J &
o o = i c Vi
[ E Wi :'.:L 2 m
E- ™ g c E -TS E E
= g % 5 3 ° 0 m
= b o o o o E o

Figure 5. Schematic picture of tha¢rmal sprayrocess®!.

Currently thermal (wire arc) spray is tpeeferredmethod based on cost and maintenance for

coating application. The cost comparison of both methods hier technique can be seen

illustrated below irFigure 6.

Characteristic Flame Arc
spraying spraying |
Liguefaction of zinc, kg'h 18 35
Energy costs for liquefying zinc, $/h =28 =25
Effective use, minh 40 40
Effective use, kg/h 12 23
Energy costs, S/m? 233 0.11
{$/kg equals $m’ at 100 um zinc
thickness)
Spraying speed, m “/h for 100 pm zinc 12 23
Wage costs, $/m” at 60 S/h 4.17 2.17
Total costs, 3/m? 6.50 2.28

Figure 6. Cost comparison of combustion and electrical methods for the thermal spraying
technique®!.
Thermal arc spray technology involves four main componémtsspray gun used teceive the
wire and shoot melted material onto the subst(ateel) ar compressor, which is used to

accelerate the melted material out of the spray glasting potwhichis used for garnet space
when blasting preparation is performaad hstly thethermal arc spray machinehichis used

to supply current to the wire so that the arc can be created.

The arc itself is used to heat up the material that is to be melted, this material will come in the

form of a wire fedinginto the arc before being accelerated out of the spray gun on to the target

metal. An example of the spray gun can be seé&ingure 7 below.
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Feed wire

Spray directing
air jet

Spray stream

Air cap

Wire guide and

current pick-up Feed wire

Figure 7. Arc thermal sprayingrocess®!.

Naturally, before any coating can be applied to a substratsputi@ce must be cleaned so that no
undercoat corrosiomccursU“®l, For this technique the surface of the substrate is usually blasted
with Acompressed air abrasive bl asti nsgale. A
level and preparing the surface for good adhesion of the thermally applied coatinteartieg

is to make sure that the surface has no contaminants on it and is completely free from any
impurities,

For bridges both thermal spraying and hot dip galvanisation techniques are popular in applying
the primer of the coating to the steel stawe. This is usually as bridges have a Ziich primer

as well as a muHiayered painsystem“el,

1.6.3:Metal Primers

The primer is the last line of defence when it comes to protecting the metal itself and should
therefore pe chemicallycompatiblewith both the metal surface and the rest of the paint system
For examplezinc andaluminium are commonly used primers in highly corrosive environments
protectingsteel structures. Thisecauséron (Fe) has a higher electronegativity potentianth

zinc (Zn) andaluminium (Al) T leading to the lattesacrifice themselves by providirghigher

electronicpotential henceprotecting thesteel This is the main reason that they are both used as
primersAsu3233]

Out of these two metalzginc is gill the most preferred as a primer for steel structure in corrosive
environmentsAs well asit being a sacrificial metal for steel it also forms deasd,adherent
corrosion byproducts making the rate of corrosion a lot slower than if it was the ittel
corroding (anywhere between-100 times slower depending on the environment). Zihe

corrosion products develop naturally on the surface into something knaivit g&tina >34,

Zinc patina begins whezinc metal corrodes and forms bathc oxide andzinc hydroxide, which

then later reacts with carbon dioxide iatnc carbonate which is not water soluble.
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This means that it will not wash away in the rain or snow and is adherent to the surface af the zin
metal.Zinc carbonate will corrode very slowly and has a grey colour to it protecting the pure zinc
metal underneath. The corrosion protectiorzio€ depends heavily on this layer being formed
(341t is important to not thatyhile paint will easily dhere to the surface of puzinc andzinc
carbonate it will not adhere #tinc oxide orzinc hydroxide!*!. This is known as a metallic primer

Thelifetime of the sacrificial metal is down to thieickness of the coating.

1.6.4:Paint systems

There are different types of paint systeifise one Bownin Figure 3 is an epoxy/urethane paint
system.Other paint systems includegr drying paints An example would be an alky@hese
materials will dry by absorbing oxygen from the atmosplygrimg a very low film thickness.

The alkyd paints usually are very limited in their solvent resistance and have poor chemical

resistancé®l.

Another type of primer relies heavily on the high adhesion and chemical properties of the binding
agent andisually twesteps okepoxy coating are applieith this method. These primers rely on a
very thoroughly cleaned surface to prevent any unging causingmechanical breakginc
phosphate is an example of a preferred corrosion inhibiting pigment isnubésimethod as part

of the primer formulation.

Otherchemical resistant paingge usually acrylated rubber awithyls. These materials harden
throughsolvent evaporation into a thin filfihere is no oxidative process involved in the forming
of the film. These can be applied as moderately thiitls; however, retention of the solvent can
be a problenwhen a greater thickness is appliddhe film is relatively soft and has relatively
poor sdvent resistance but good chemical resistamable 3 shows how effective the different

compounds are at corrosion resistance.

Two- component resistance systems often invelexy and urethane. Thase compounds are

usually referred to as the base and the curing agent. As soon as both compounds are mixed a
chemical reaction will begin, so they must be applied in a certain amount of time otherwise they
will become inert. The polymerisation continues after paint has been applied and after the
solvent has evaporated to form a strong crosslinked film that is very hard and has good solvent

and chemicatesistancé®51,
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BiuminoLs

Alkyds

Acrylated-rubber

Viny
Epoxy
Urethane

Inorganic or
organic silicate

Cast

L

Lew—medium
Medium

High
Mediurm—high
High

High

Tolerance
of poor
surface

preparation

Good

Maodarats
Poor
Foor

V., paot
., poor

V. poor

Chemical
resistance

Modesate

Poar
Good
Giood

V. good
V. good

Moderate

Sobvent
resistance

Poor

Poor-maoderate
Poor

Poor

Good

Good

Good

Cwver
coatability
aftar ageing

Gaod with (:0;11i"u.';

ol same type
Gaod

Good

Good

Paar

Paor
Moderate

Other comments

Lirmited 1o black and dark colours
Thermoplashs

Good decorative properties
High-build films remain soft and are
susceptible fo ‘sticking’

Very susceptible 1o chalking in UY
Can be more decorafive than epaxies

May reqguire special surface preparation

Table 3 Main generic types of paint and thpioperties®!.

1.6.5:Pre-Fabrication Paint Primers

Prefabricated paint primers areferred to as blast primers, as they are usually applied to the steel

just afteranabrasive blasting cleaning procedssignedo preventany corrosion from occurring

before painting. They cape classified under themain types of primer applied.

1. Etch primers: are based on polyvinyl butyral resin and reinforced with phenolic resin to

increase water resistance. They can be supplied in a single pack or tviorpeatk with

the twapack formatbeing the better for corrosion resistance.

2. Epoxy primers: include epoxy resin and usually polyamide or polyamine curing agents.

Pigmented with inhibitive and neinhibitive pigments.zinc phosphatas the most

commonly used and give the best protectionabtie group.

3. Zinc epoxy primer: these can be categorised zirto rich and reducednc types.Zinc

rich epoxy primers produce films that contain 88i#& powder and reducesihc, which

can be as low as 55%. When exposed to a marine or industriaraneint, an aggressive

environment, the zinc produces insoluble corrosion produces that must be removed before

overcoating. During weld aflinc epoxy primer will produceinc oxide which is toxic.

4. Zinc silicate primers: are very similar to thiac epoxyprimers, giving the same level of

protection. They also suffer the same drawbacksnassalts, andinc oxide formation

during welding However they are more expensive to useveell adess convenierthan

zinc/epoxy primer§1isy,
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1.6.6:The Duplex System: Sealer/Undercoat and Intermediate coat

Sealing is a good thing to have done to a primer as it will fill all the natural holes/pores of the
metal, making the primer completely sealed from oxyayeshwater!*?. Usually sealers will have

a low viscosityallowing good penetraibn throughthe metal Materials such as vinyl, phenolic,
acrylic, epoxy and polyurethane formulations. The sealer coat must not be too thick otherwise a
glass like surface will occur and this will give adhesion problems when applying the first coat of
paint. For the thermapsaying technique sealing should always be the second process to prevent
corrosion as in some casksf stored in a damp place can adopt the appearance of a dark
corrosion substrate on theetal*47,

As seen irFigure 3 epoxy is a commonly usedading agent. This sealer fills in the pores of the
metal primer and creates an inert barrier between the outside atmosphere and the metal. In
polymer metal interface, the epoxy metaide system the hydrogen bonding is key. The epoxide
will have weak bading with pure metal but with metal oxide the hydrogen bonds make it a much
more viable sealePure epoxy resin sesthe holesin the zinc primerOn top of this epoxy layer
isthe intermediate layer of epoxy@micaceous iron. This is a compound with strong bonding

due to hydrogen bonding. The structure of epoxy and urethane can be seen B&gpweir8
[31[48][49]
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Figure 8. The structures of epoxy resin(a) and uretharéib)

A duplex system is essentially two corrosion protection systems used together. This is a system
that paints over galvanised steel giving another layer of protection before the sacrificial metal is
eraded. The second technique thermal spraying is then used in conjunction with galvanising to
form a protective barrier in the form of a paint system over the sacrificial .iéithl systems

like this maintenance is very simple, if the galvanised steel haseen reached and corroded

then there is a simple tap of the paint coating used to protect the galvarssee!>”.
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16.7:The Top coat

Looking at polyurethane as a topcoat to go with the example coating as Begrén3 31, This

is also a very relevant topcoat to look at as it is part of thepae& paint coating along with
epoxy resin to provide the best protectid¥3. As the Port oDover is a highly polluted marine
environment this ithe currently recommended pasystemPolyurethane is a heat reflection top
coat with good tensile strength, tear strength and abrasion resistance progegiegans much

less coating weight, low temperature flexibility, fair gas permeability, good handling properties,
and goodweatherability and ozone resistance properties. Howeuee polyurethane when
exposed to a highly aggressive environment, UV radiation, thermal exposure and oxidative
atmosphere it will degrad8ome antiaging agents ateereforeusually added to theolymer4,

An example being narmnc oxide which isused to increase stability against tAdiation®.

This is because polyurethane when it degrades it is due to short wavelength UV rays from the
sun, with the life time being limited by the weathering of the polymer. This reduces the physical
properties of polymers, breaking bonds in the polymer dwisngthe formation of freeadicals

(561157, polyurethane is an excellent top coat in ane@mtiosion coating, due to its many properties

and when mixed with other compounds good UV resistaanebe achievegyrotecting the rest

of the coating underneath. Together with epoxy resin it is classified as the most protetiivg

availablel®,
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1.7:Alloys

Coating are not the only protection against corrosion, the metal alloy itself can be made corrosion
resistant. The selecting of corrosion resistant alloys for any kind of struousttake into
accoum a lot offactors includinghow the alloy would worlkn the intended environment &void
mistakes of applicatio®®. Forexamplean alloy might not retain the same properties at different
temperatures, and other drastic environmental changes such as the chamhgedarsténtration.

This has a massive impact on the possibility of stress cracking corrosion, (8@€}) can be

fatd to the structuré®,

One of the reasonshy coatings are not the only form of protectigrfor example for bridges

the alloyused in the construction of the bridggn be made corrosion resistdntthe case of the

most aggressive environme@5, a duplex alloy can be us&dich does not require coatingA
duplexstainlesssteelalloy is an alloy that has a mixed microstructure where it contains roughly
equal proportions of ferrite and auster(iséeel with various microstructureshhesekinds of

alloys have a range of grades with varying corrosion resistaroperties depending on their

all oy content. The-da plwehiherefessinahd higeer encallays wittse u p e r
greater vaed elemental compositionsed for high performance duplex stainless sWéh its

high chromium contensuper duplex steel has brilliant resistance to acids, acid chlorides, caustic
solutions and in other environments; often replacing nibkeked dbys and nickel super
austenitic steels. The chemical composition of chromium, nickel and molybdenum helps to
improve the corrosion of intergranular and pitting corrosion. Addition of nitrogen helps with
structural hardening following thieterstitial sold solution mechanism, raising the yield strength
and ultimate strength values without sacrificing the toughness of the alloy.

Additionally, the twephase microstructure gives higher resistance to pitting and stress cracking

corrosion when compared to staiss steel&°6Y,
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UNS Number
Duplex Type® | C Mn P S Si Cr Ni Mo N Cu Other
Grades
$31200 0.030 | 2.00 | 0.045 | 0.030 | 1.00 24.0- 5.5- 1.20- 0.14-
26.0 6.5 2.00 0.20
S$31260 0.03 1.00 0.030 0.030 | 0.75 24.0- 5.5- 2.5- 0.10- 0.20- | WO0.10-
26.0 7.5 35 0.20 0.80 | 0.20
531803 0.030 |(2.00 | 0.030 | 0.020 | 1.00 21.0- 4.5- 2.5- 0.08-
23.0 6.5 3.5 0.20
S32001 0.030 | 4.0- 0.040 | 0.030 | 1.00 22.0- 1.00- | 0.60 0.05- 1.00
6.0 23.0 3.00 017
532205 2205 0.030 (2.00 | 0.030 | 0.020 | 1.00 19.5- 4.5- 3.0- 0.14-
215 6.5 3.5 0.20
532304 2304 0.030 (250 | 0.040 [ 0.030 | 1.00 21.5- 3.0- 0.05- 0.05- 0.05-
245 5.5 0.60 0.20 0.60
$32520 0.030 | 1.50 0.035 0.020 | 0.80 24.0- 5.5- 3.0- 0.20- 0.50-
26.0 8.0 4.0 035 2.00
532550 255 0.04 1.50 | 0.040 | 0.030 | 1.00 24.0- 4.5- 2.9- 0.10- 1.5-
27.0 6.5 3.9 0.25 25
$32750 2507 0.030 (1.20 | 0.035 | 0.020 | 0.80 24.0- 6.0- 3.0- 0.24- 0.50
26.0 8.0 5.0 032
532760 0.030 (1.00 | 0.030 | 0.010 | 1.00 24.0- 6.0- 3.0- 0.20- 050-| ¢
26.0 8.0 4.0 0.30 1.00
$32900 329d | 0.06 1.00 | 0.040 | 0.030 | 0.75 23.0- 25- 1.0-
28.0 5.0 2.0
$32950 0.03 2.00 | 0.035

Table 4. List of duplexstainlesssteelgrades as covered in the AST®merican Society for

Testing and Materialdj.

Table 4 shows what elements are present in the dugtkERrlesssteelgrades®y. Thisinformation
will be usedto identify where some corrosion products are coming from in the analysis of the

elevated bridge at the Port of Dover.

1.7.1:Solid Solution Hardening and Strength

Simple solution hardening is the process of mixing one metal with another, thisisldiamng
casting when the metals are in liquid phdss.examplefor electrical wiring copper is the main
constituent, thesolvent any other additional elements are calledited Thereis a limit to how

much solite can be added to the seht this is known as the solubility limit. This limit can be
increased witlithe use of temperature and then frozen into place when cooled. Heat treatment of
a metal alloy is important for the percentage of elements in alloy.

There are two types of solid solutions the first being substitutional solutions. In this casetbe sol
atoms replace some atoms in theventmaterial this interrupts dislocations in the crystal lattice.
Making the mixed material stronger, requiring mdress and energy to move atoms around the

crystal lattice.
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The second type of solid solution are called interstitial solutions. In this case the solute atoms are
small enough to fit into spaces in between the solvent atoms in the crystal lattice ghefsri@d

to as intestices.

This has the same effect as the substitutional solution, where the solute stops the dislocation of
atoms in the crystal lattic@roviding more strength to the structure, which would require more

energy to break and move atolits

Tosummariea f sduglesdbr system with the addition of «c¢h
nitrogen, would provide excellent protection against corrosion. Apiase micrestructured

alloy, as mentioned previously, increases the resistance to pitting and stress cracking corrosion.
An alloy with these attributes and the recommended coating system woetdghfor a C5

corrosive environment.
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Chapter 2:Method
2.1 Analytical Techniques

2.1.2Scanning Electron Microscopeand Energy Dispersive Xray (SEM/EDX)

This combination of Scanning Electron Microscope and Energy Dispersiays{SEM/EDX)

have, in this thesis been used to determine the elemental composition of the corrosion products
as well asmorphologies of the analyzed corrosion produtte aimis to determine the overall
damage mechanism, its specific foramd origin of corrosion,which lead to failure of the

structure

ScanningelectronMicroscope (SEMyusessecondary and backscatteeddctron detectorSEM

utilizes an electron beam which bombards the sample under a vacuum, the main type of signals
that are given off and detected are backscattered and secondary electrons. These generate a
grayscale image up to very higimagnifications(nanoscalen depth visual inspection has been

used taaid incharacterizing the type and severity of corrosion in the many samples.

In combinationwith elementalanalysis,using Energy Dispersive-Kay (EDX). The elemental
makeup of tre samples can be determined, this information can be used tindirabrrosion
products that are presefithe identification of theoriginal chemical composition of the metal
with the environmental pollutanfgresent can be used aid the investigationof the corrosion

processIe4,

According to the RutherforBohr model electrons orbit a positive nucleus and the number of
electrons iequalto that of the number of protons in the atom. With increasing atomic number
(2) orbital states are occupied by electrons in order of minimum energy. The electrons closest to
the nucleus are more tightly bounds, the orbital energy is determined by thenguamber (n).

The shell closest to the nucleus is (n=1) known as the K shell, the L shell (n=2), the M shell (n=3)

etc.Figure 9illustrates the positioning of these shells in the atom.

When the sample is hit with the electron bed#rhits an electrom position 1, which is ejected,
leaving behind an electron hole. This represents an excited state which is unstable, instead an
electron in position 2 will drop down to position 1. This will generate a more energetically stable
state. Resulting in a phmt being given off in the form of a characteristigay. An excellent

example of this is as shown belowHigure 9.
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primary e- beam

charactcrissic X-rays

Figure 9. X-ray generation process, the electroarbdits an electron at position 1. Leaving

behind a hole that electron at position 2 moves down tgéitierating element specifieray 4,

The intensity of thes¥-rays arecategorized by usiniipe subscript oflpha( U) a 0 8 ) b wt & h
alpha beinghe more intenspeak, as beta represents forbidden transition as sdégure 10

below Theenergy of theX-ray is measured in electron vo{&V). The energiesof interest being
in-between 110keVrangel®d.
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Figure 10. Energy level diagram for silver (Ag) showing the transmission lines for K &t L

Figure 10 is an example of an energy level diagram for silver (Ag) showing the energy levels
and the shells. For each element there is a unique energy that is given off for each shell, this is
used to identifyjunknown elements in a samphn example of an EDXpedrumis shownn

Figure 11 [,

Cu

b)
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Figure 11. An example of an EDX spectrufd.
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Figure 11 anexample of arfEDX spectrum The X-ray given off has aniqueenergyfor every

element allowing for elemental analysis of the sanifile

2.12:X-ray Diffraction (XRD)

X-Ray Diffraction XRD) is a powerful technique which is used toidentify the chemical
compound. In this project XRD has been used to identifiyrosion products the samplesThis

is a nondestructive technique that identifies phases in a solid which can be used to characterize
asample with longange orderln this case the samplesginatefrom the elevated bridge. The

most common type of XRD is powder diffraction. Evegmpoundhas a unique diffraction
pattern and with the use of a database can be compared to known diffraction patterns, allowing

for the identification compounds in unknown samgigs

The unique diffraction pattern is explainedBsaggs law, whichstates that when a beam>of
rays hits parallel planes afoms in a crystathere is a particular angleat will allow for the
reflection of the incident Xray beam. Inpowder XRDthis ande is measured ag— Bragg
determined that the process of diffraction wastd lattice planes within the crystal. Each plane
acted as a senfiansparent mirror where the bombardigay would be reflected and abd¢

ray that made it through a plane would be reflected Bobsequentlanes.

Braggs lawstates thatvhen diffractionoccurs, when the following equation is met:

¢ _ cQi ot —
Equation 6. Braggs law.

Where the wavelengths of the incidentrgys-) , t he angl e bet ween the
plane 3, the distance between he crystal plaf@sgnd €) which is an integerThe most
significant point of Brag@ law is the constructive interference which occurs when the path
difference of the travelling waves matches the integral multiplication of the wave ,length

otherwise known as being in the same phase.

o' _
d sin @ d sin 0

Figure 12. Braggs Law, a representation of path difference Qith "Q&—
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The waves can be either destructive or constructive which produces the diffraction pattern
detected by XRD. Bragg law calculates the wavelength of waves from the sedtterays that
hit the atoms in the lattice. The wavelength can tell the atomic distances in a mdfecule

Fortheexperimental setup of an-pay diffractor meterthere are two main components theay
source and the detector. The source will be tahaad a filament inside an evacuated tube, the
filament emits the electron beamhich is accelerated towards the mefidie beam will knock
core electrons out of their shells allowing for transition to occur from higher shells, filling the
holes and ging off X-rays as the electrons drop down in energy. This characteXigtiy
radiation is therused to list the sam@eThe Xrays when hitting the sample will interact with
the compounds ac c Bguation®)ggereratingtimanique diffsactibngatterr

which can bealetected andompared witttompoundsn the database

There are a lot of variables involved during the process of corrosion product formation, these are:
temperaturepH, pressure and dissolved gases can allaffbat types oEompoundsre formed.

This analytical technique can heed tdback track the corrosion process and identify the cause

of the corrosiorf& 7986l

2.13:Raman

Raman isadvantagaousin the use of analyzing corrosion products as the technique itself requires
little to no samplepreparation ands quick to obtainspectra of the active groups in the
composition As opposed to XRD, samples analyzed with Raman do not require crystalline
structures and will therefore, also give information about disordered products. Including

amorphous materialsuch asthe pantry system and carbbased corrosion products.

When the light' electromagnetic radiatiepasses through a transparent medium it scatters. The
visible wavelength osmall fractions oflight scattered by molecules are different from the
incident beam and t hese 0s hndfthesmbleallesghatcadised n t |
the scatteringThis is also known as Rayleigh scattering (elastic scattelffgghanscattering

(inelastic scatteringlare when a change in polarization has occurred in the sygt this

radiation different chemical bds will interact,making it a good technique for identifying
different functional groupgkamanspectroscopy is a good technique for the studying of metallic
surfacescontainingcoating and corrosion productss they are both organic and disordered.
Raman analysids not only a nordestructive technigue but also the spectra is not affected by the

presence of watéf* ™,
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Figure 13. Schematic picture of Raman spectromet&r.

As seen irFigure 13 the Raman spectrometer uses a laser or monochromatitwligktite the

electron in the functional grouphe light will then scatter from passing through a beam splitter

which will filter out the incident light from the laser allowing for only the said light to pass

through. The notch filter removes all scattering other than Raman scattered light from the

reflected beamThis is mainly Rayleigh scatterirand the spectrograp for selecting the

favorable wavelength that is being measuf2dn this project the red laser was used at a

wavelength of 633nm.
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2.2 Experimental

The sample collection was undertaken at two separate collection times. Prior to sample collection
a visual investigation was carried out in October 2017. At ¢lmisasion the bridge was
photographed and areas of concerns where identified for further sample collection.

The first collection was on the"4f December 2017, lasting a day. The weather conditions on
the day where showing high humidity and heavy pretipn. Temperatures at the site where
around 4C.

The second sample collection was undertakehl® June 2018 which also lasted for a day. The
weather at the time was a dry but hot@4

There is heavy precipitation #ite Port of Dover, coming fromvehicles and the sespray with
constant wind exposure from the north east to the Whis.creates tunnel like effect along the

elevated bridge.

All samples where from different sites along the steel bridge, which is used to funnel the traffic
between the ferry terminals atite main road network outside of the pastseen ifrigure 14.

2.2.1:Sample Collectionof the Old Part of the Bridge

The first sample collection was from the old part of thed®@jdnetal was visibly peeling off the
structure.The weather condition where dand cold. The areas sampled from where decided
based on where thraobile elevating work platform (MEWP) could access, and what the Port of
Dover authorities couldtlose off without disturbing the continuous traffid@aking access
restrictions and all relativeaformationinto due consideratigrfive areas where identified for
sampling. In order to not scratch the samples a plastic ice scraper was used to peel of the rust
Pictures where taken of the sample sites with thre@lesntaken from each sample site, each
sample was sealed in an airtight plastic bag and labelled according to the sample sitetand wha
area within that site the sample came from (area A,Bl@personal protective equipmegRPB

involved was steel toeapped boots, a hard hat, laboratory gloves and a safety harness.

The handheld Raman machine was also brought aornbe sampling day but failed after the

third analysis.
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2.22:SampleCollection of the New Part of the Bridge

The second set of samples were collected from the new part from the new part of the bridge. There
was a lotof discoloring, but the rust was nasseveresat the old part of the bridgandit was

difficult to obtan enough for analysiShe weather was a hot summers day. The sampling was
carried out using a mobile elevating work platform (MEWP), in areas that the Port of Dover
authorities could close off temporarily. Three areas where sampledsample sitesvhere
identifiedin each area. Three samplesretaken from each sample site using a camera for visual
analysis An ice scrapewas, again used to collettte physical sample and air tight plastic bags

with labelswere usedo cataloguand storeeach sampleél'he PPE involved was steel toe capped
boots, a hard hat, laboratory gloves and a safety harness.

2.2.3 Sample Preparation for XRD Analysis

The machine used for analysis was the Righkniflex 6™ generationXRD. The smple
preparatiorwas adollows: asample holdewascleaned using water and ethgreothin layer of
vaseline was then applied to the sample holder in order to keep the powdered sample from
dispersing in the machinin order to get a powdered sample a small quantity of sanasi¢aken

and crushed into a powdered form using a mortar and pedestalaced in the sample holder

The measuring time was 11 hoatsa steadily rising temperature fr@®-80°C at an angle of 2

2.2.4Sample Preparation for Raman Analysis

The machine used for analysis of the samples wasithrébu Jobin Yuan modelhere was no
samplepreparation for Raman analysis howeveraaminumstub was used in order to reduce
fluorescenceThe stub was cleaned with acetone before and aftefheemesuring time was
10mins per sample, using the red laser at wavelength nm with aicnsityof 40000 between
Raman shift of 2000cm.

2.2.5:Sample Preparation for SEM Analysis

The SEMEDX machine used was the Hitac®B700N $anningElectronMicroscope. Sample
preparation required powdering and drying of the samples before mounting the samles. C
sticky pads where used with aluminum 15mm stubs to measur@ttAesampleshowever, this
method shows carbon as always being present isatimples due to the sticker. Silver paint was
then used instead of carbon sticky pads with the silver being discounted from the SEM analysis.
The measuring time was 12rates with 36 points of analysis in a grid fashion elemental

analysis using the EDXVith a magnifying resolution on the SEM at x46 for visual analysis.
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2.2.6:Sample Preparation forpH and Conductivity Analysis

Plastic sample bottles where used with Mili{ultrapure) water in order to get thgH and
conductivity of the samplesising Hanna pH and conductivity metekgpiece of sample is added
to the solution and left overnight before being tested witH aneter and conductivity meter.
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Chapter 3:Results
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Figure 14. All the sample siteand sample areas on the elevated bridge.



3.1:Area 1l
3.1.1Sample Site 1

The initial visual inspection of sample site one shows a very clear discolouration of the paint
layer, with raise lumps underneath the paint. After sampigeyydiscolouringwas observed
under the metaFigure 15 below shavs before and after sampling.

Figure 15. Sample site 1, A is before sampling and B is after sampling.

The extentof corrosion is nograded asevere but, it is obvious that corrosion has taken place.
At this stethe paint layer is stiNisible. Hencecorrosion appears to have taken place beneath the
coating itself. Thigype of corrosion is referred to asderrusting, when the corrosionkias
place between the paint and the metal.

The types of corrosion identified are filiform and uniform corrosion. Filiform due to the bumps
underneath the coating and uniform as when the coating is removed the corrosion is evenly spread
on the steel undera¢.

Appendix 1 shwis the severity of the corrosion on the bridgkis section shows the analysis of
the various samples. The results are introduced area by area as shown in the map presented in
Figure 14.
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Scanning Electron Microscope (SEM)

900um

Figure 16. SEM images ofamples 1A, 1B and 1C.

The SEM images can be seenFigure 16, the EDX analysis determined thdtet samples
contained the following elementhlorine,carbon,calcium,titanium,iron, sodium,zinc, silicon,
sulfur, magnesium barium, potassium andnanganese. Only samples 1A and 1C contained

phosphorus anderium, sample 1B was the only sample to corglaiminium at this sample site.
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Figure 17. The Raman analysis for samples 1A, 1B and 1C.

By analysing the Raman spectrums as seéigiare 17 it was found thatamplesite 1 contains
organic compounds that have mainly carbon suitlr present. The samples taken from sample

site 1 have very sid@r peaks at 215c#CSC),270cm(CCI/CCk) and 380cm(CSO)-carbon

with sulfur, chlorine and sulphate compounds. Unfortunately, due to fluorescence samples 1A
and 1B are difficult to distinguish but there is a peak later at ~1200drich ischaracteristic for
isothiocyanates(N=C=S). There is a shoulder in sample 1A which might be the peak observed in
samples 1B and 1C at ~600¢(6-S). This can either be aliphattlfides and disulphates or
covalent sulphates and sulphonic acids(anhydrodswever, seeing as botsulfides and
sulphates arpresent in the sampl¢hey are botloverlapping, beingepresented by the peak at
~600cmt.

Having identified these organic compourid&/as also established that in the EDX and Raman
analysis bothsulfur and chlorine compounds are present. These are both known for being
corrosive elements. The show thatarbon particulates are being deposited ¢méaunderside

of the bridge from vehiclés f u el ( mfariming these drpaais cerhppunds onsheface

of the metal. This is adsorbing more of these corrosive elements and forming corrosive organic

compounds that ataghtly corrosive
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pH and Conductivity

Sample Site | Sample | pH Conducti vi
A 6.31 172

1 B 6.77 35

C 4.3 132

Table 5. Table of thepH and conductivity values for samples obtained from sample site 1.

ThepH shows that sample sit€1s quite acidiavith a pH of 4.3 The conductivity values show
that thereareindeed electrochemical reactions occurring, there is more conductivity in samples
1A and 1Csuggesting a lush content of cations and anions in the corrosion products.

X-Ray Diffraction (XRD)

Sample 1A Sample 1B Sample 1C
Iron Oxide Iron Oxide Iron Oxide
Iron Sulfate Iron Carbonate Iron Phosphide
Iron Carbonate Iron Silicate Iron Phosphate
Iron Phosphide Iron Carbide

Potassium Carbon Oxig
Potassium Nitrate
Phosphorus Oxide
Calcium Silicide Sodium Phosphate
Calcium Carbide Sodium Sulfate
Calcium Carbonate |Magnesium Silicate
Calcium Carbonate |Calcium Chlorate Calcium Sulfate

Calcium Silicate Calcium Silicate Calcium Carbonate
Silicon Oxide Silicon Oxide Calcium Chlorite
Zinc Phosphate Zinc Sulfate Calcium Silicate
Zinc Sulfate Aluminum Sulfide Zinc Cyanide
Titanium Oxide Aluminum Oxide Titanium Oxide

Manganese Oxide |Manganese Carbonatéitanium Nitride
Molybdenum Carbid¢Manganese Silicate |Manganese Oxide
Barium Sulfate Barium Sulfate Barium Chloride
Barium Sulfide Barium Carbonate |Cerium Silicide

Table 6. Compounds identified for each sample by the XRD.

The steel corrosion products are coloured rehiole 6, where the iron in the alloy has corroded
by reacting withsulfur, carbon, phosphorus and silicon compounds. The most typical product is

iron oxidewhere iron reacts with water and oxygen to return to its original iron oxide state.
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The compoundssted in blue fontsire salts made from basic and acidic compounds reacting with
each other, theinc salts are made from the primer (purjolets) used inthe coatingfor the steel.

Salt forms an ion bridgevhich increases the conductivity of the solution and in turn increasing

the rate of corrosion. The brown and green coloured compounds are also metals that are part of
the alloy that the bridge is made fipm. Silicon and calcium carbonate come from Brwver

cliffs and has been deposited on the bridge where it has reacted with other compounds during the

electrochemical reaction.

Barium and cerium are heavy elements and are used in oils aathbsts in fuels, these have
probably run down from the top of bridge in humid environmkenbnditionsand have been
trapped in the thin film reacting with other compounds.

There are a lot obulfur, nitrate and chloride salts present at sample sit€his increases
conductivity and the corrosion rate of the bridge.
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3.1.2Sample Site 2

Sample sit@ is in area 1 which is directly above the car park as se€igime 14.

Figure 18. Before(A) and after(B) sampling of sample site 2.

The corrosion here is not very sevéire Figure 18) but thee isvisible corrosion which has
occurred beneath the coating. In bBtgure 18A andB the paint is peeling away from the steel
The types of corrosion visuglobserved are filiformdue to the raised lumps, uniform corrosion
underneath the coating of the steel and exfoliatidrich occurs parallel to the surface and along

grain boundarie. Exfoliation forces the metal away from the metal in thin sheets.
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Scanning Electron Microscope (SEM)

900pm ! b 900pum

500pm

Figure 19. SEM images of sample 2A,2B and 2C.

Figure 19 shows the SEM images fthe sample site 2The following elementsveredetected
using EDX chlorine, cerium, iron, sulfur, zinc, auminium, titanium, magnesium calcium,
carbon,potassiumsilicon andsodium. Samples 2A and 2B also contgliosphorus, samples 2B

and 2C also contaiparium, molybdenum andnanganese.
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Sample 2C
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Figure 20. Raman analysis of samples from sample site 2.

All the Raman spedtrfor the samples taken at sample gtareas shown irFigure 20. The
samples ardifferent from each otheiThere arenly a few similarities at ~210ctand ~275cm
! characterised byarbonsulfur and carbon chloride compounids samples 2A and CThe
exception being sample 2B

Sample 2A has the most defined spectrumadube three samples, all the organic compounds
identified contain carbon. These compounds are: saturated aliphatic acid chlorides (CI=C=0) at
420cm?, primary thioamides at 491chsaturated aliphatic acid chlorides (CCl/@Git 628cm

1 mono and disulphonyl chlorides<&) at 671cr, alkyl isothiocyanates (NCS) at 1022&nt
~1161cm there isa broad peak, hence isothiocyanates(N=C=S) and aliphatic amihd<(Qld

be present. Lastly, at 1426@rthere are thiocyanates (N=C=0).

Sample 2B is very similar with the difference of having phenols (OH) present at 134&uwin
aromatic acid salt€)(0 ) at 1581crt. The differences in Sample 2C form the rest of the samples

are amides at 380chand tertiary thioamides (NCS) at 582&m

The carbon along with the nitrogen adfur originatesfrom car exhausts in the form ofrban
particulatessulphoxides SE@and nitroxides NQ The chlorine is cominfyom the sea spray and

together with the pollution from the vehicles, is forming actimpounds in a carbon rich layer
on the underside of the bridge
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pH and Conductivity

Sample Site | Sample | pH Conductiv
A 4.61 41

2 B 6.2 60

C 5.57 87

Table 7. pH and conductivity of samples taken from sample site 2.

This samplesite all showslow pH in the range between 5 and$ illustrated infable 7. This

correlates with the acid chlorides detected by the RaspaatroscopyThe conductivity is low
compared to sample site Qorrelating with the observation ttiae rate of corrosiois slower in

sample site 2 than sample site 1.

X-Ray Diffraction (XRD)

Sample 2A Sample 2B Sample 2C
Iron Oxide Iron Oxide Iron Oxide
Iron Carbonate Iron Carbonate Iron Silicate
Iron Carbide Iron Sulfate Potassium Oxide
Potassium Sulfate Potassium Chlorate |Potassium Nitrate
Potassium Nitrate Sodium Chlorate Sodium Molybdenum Chloride|
Sodium Phosphide |Sodium Silicate Magnesium Carbonate
Sodium Oxide Sodium Nitrate Calcium Magnesium Carbona
Sodium Silicate Sodium Sulfate Silicon Oxide
Magnesium CarbonatgSodium Oxide Silicon Carbide
Magnesium Silicate |Magnesium Carbide |Silicon Nitride
Calcium Sulfate Calcium Carbide Zinc Oxide
Calcium Carbonate |Calcium Carbonate |Aluminum Sulfide
Silicon Oxide Silicon Oxide Aluminum Phosphate
Zinc Oxide Zinc Silicate Aluminum Phosphate
Zinc Phosphide Manganese Oxide Manganese Oxide
Titanium Sulfide Manganese Carbonat@/olybdenum Carbide
Titanium Nitride Molybdenum Oxide |Titanium Oxide
Titanium Oxide Titanium Oxide Barium Chloride
Titanium Silicide Barium Chloride Barium Calcium Nitrate
Cerium Carbide Cerium Sulfide Barium Oxide

Table 8. Compounds Identified by the XRD for each sample in sample site 2.
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Following the colour codingystemn Table 8, red is iron corrosion products, blue is salts, purple

is zinc corrosion products, brown is corrosion products to doakithinium and titanium metals,

green is for the compounds that &ien the steel alloytheblack compoundare minerals, heavy
element and organic compoundall the samples contain iron corrosion products providing
evidence that the steel itself is degrading. There are a lot of salts in samples 2A and 2B but much
less in sample 2CTheorigin of these salts are from thea sprayandatmospheric pollution will

result inthe depositof these salts.

There are a lot of mineral and catalyst compouritishreavy elementdhesereactants will have
originated from cars fumes and the cliffsOaver. Theprimer,zinc has not formed any zinc salts

in any of these sampleshich decreases some deposition when compared to sample 1. This may
be an explanation for why the conductivitifference between the two sites is so different.

There arghowever a lot more alloy compounds, aluminium, titanium, molybdenum, manganese

and the presence of phosphorus is another difference between sample sites 1 and 2.
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3.1.3Sample Site 3

Sample site 3 is in area 1 which is directly above the car park as d&garia 14.

Figure 21. Before(A) and after(B) sampling of sample site 3.

The corrosion on this beam is more severe than that of the last two sample sites from this area.
The discolouration of the beamdarrosion caused lyeposited pollutiothathas eaten awahe

coating as seen in picture A above. There is very clear exfoliation, filiform and intergranular
corrosion inFigure 21A, Figure 21B show that the coating has failedsulting inuniform
corrosion on the steel beneath which is a brittle dark red colberloss of metal can be seen

more noticeably, visually when compared to the other two sample sites in this sampling area.
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Scanning Electron Microscope (SEM)

Grid Spectrum(6,6)

900pm ! ki 900um

900pum

Figure 22.SEM of samples taken frosample site 3.

Theanalysis from the SEM/EDX as shownrHigure 22 abovecontained the following elements:
silicon, carbon,sulfur, chlorine, iron, barium, titanium, calcium, magnesiummanganese and
zinc. Sample 3A additionally containaeldiminium, potasium,phosphorussodium,bromine and
cerium. Sample 3B also containswlybdenum phosphorussodium,tellurium andaluminium.
Sample 3Gdditionally containeaerium.
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Figure 23. Raman analysis of samples from sample site 3.

Raman spectrums irigure 23, amilarly to the other sample sitatiowed peaks attributing to
CSCb6s an dareCa@rimbrC@mpounds, samples 3B and 3C also have sulphoxides(CSO)
at ~380cmt. At a ~400ct sample 3A had a larger, almost double peak hence the aliphatic
disulfides (SS) interpretationThe mman shift ~600crhwas identified as aliphatisulfides and
disulfides (GS) for samples 3A and 3B. All the samples at ~118bcontainisothiocyantes
(N=C=S). Sample 3A then contains another two additional peaks, at 13phemols (OH) and

at 1580crrtaromatic acid salts)(0 ).

There are dot of carbon,sulfur and nitrogen compounds, coming from the oxides that are
produced by car fumes being deposited onto the bridge. The phenols (OH) in sample 3A are most
probably being made in the thin film as afyduct, from the electrochemical process of water
being turned into hydroxide ions.
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pH and Conductivity

Sample Site| Sample | pH Conductiv
A 4.85 136

3 B 6.11 95

C 6.3 44

Table 9. ThepH and conductivity of samples taken from sample site 3.

ThepH is acidic in sample siteé shown iTable 9, along with a high conductivity from sample

3A. The conductivity of sample site 3 is higher than sample site 2 but lower than sample site 1.
The rate of corrosion is therefopeoposed to b&-between sample sites 1 andHbwever the

high levels of carbon, nitrogen asdlfurcompoundsn this site are evidence of severe corrosion.

X-Ray Diffraction (XRD)

Sample 3A Sample 3B Sample 3C
Iron Carbide Iron Oxide Iron Carbide
Iron Phosphate |lron Sulfide Iron Carbonate
Potassium Oxide |Iron Carbide Iron Sulfide
Potassium Nitrate [Sodium Chlorite Sulfur Oxide

Sodium Chlorite

Sodium Chlorate

Calcium Silicate

Sodium Sulfate

Magnesium Silicate

Calcium Carbonate

Magnesium Silicat

HViagnesium Carbonate

Silicon Oxide

Calcium Silicide |[Magnesium Nitride Silicon Sulfide
Calcium CarbonatgCalcium Silicate Zinc Silicate
Calcium Sulfate |[Silicon Oxide Zinc Sulfide

Silicon Oxide Zinc Phosphate Manganese Oxide
Zinc Phosphate |Zinc Sulfide Manganese Silicide

Aluminum Oxide

Aluminum Oxide

Manganese Carbide

Manganese Oxide

Manganese Phosphate

Titanium Nitride

Titanium Oxide

Molybdenum Oxide

Titanium Oxide

Barium Bromate

Molybdenum Silicide

Barium Titanium Oxid

Barium Phosphate

Titanium Oxide

Barium Silicide

Barium Carbonate

Barium Chloride

Barium Oxide

Barium Sulfate

Barium Sulfate

Barium Sulfate

Barium Iron Oxide|Tellurium Molybdenum OxideCerium Iron Nitride

Table 10. XRD of the samples taken from sample site 3.

All the samples contain corrosion products of sfigsted in red font)However, it is only sample

3A showing iron oxide which is linked to rust. Instead these samples are associated with the
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formation of iron carbides, which might originate from carbon particles from diesel exidusts.
shows the stéetructures are undergoing degradation, as se€able 10. There a lot less salts
than the other two sample sites and as can be seen frgH tred conductivity table above in

table 5, the less salts present the lower the conductivity which imteans the slower the rate
of corrosion.

There arghowever, more alloy compounds in the samples from sampleisitiec8tions of more

heaw elementsoriginating fromcatalystsand car fumes.This is supported by a high level of
iron carbides.
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3.1.4Sample Site 4

Sample site 4 is located above the car park in sample area 1 as sltagunréni4.

- = L}

Figure 24. Before(A) sampling and after (B, C) sampling of sample site 4.

The areas more visible stained on this sample site show what is in the car park and what is outside
the car park. Clear discolouration on the cross section of the beam going all the waytacros
Picture A shows that the visible corrosion is not very severe before sampling but, theebolts a
visibly worse off than the rest of the cross section. The type of corrosion that can be seen here is
intergranular corrosion causing that cracked look in the coating which is peeling away from the
beam in pictures A and B. Intergranular corrosion will also hawsed the coating on the bolts

to come loose. Underneath the coating there is obvious uniform corrosion of the steel underneath.
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Figure 25. SEM analysis of samples from sample site 4.

The following elementsvere detected by the SEM/EDX seen Figure 25 for sample site 4:
carbon,zinc, chlorine, titanium, iron, magnesiumsilicon, sulfur, calcium andsodium. Sample
4A also containednanganes, aluminium andpotassium. Sample 4B additionally contained,
aluminium, copper,arsenic,barium, lead andohosphorus. Sample 4C also containestjum,

barium, phosphorusgnanganese angbtassium.
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Figure 26. Raman analysis of samples taken from sample site 4.

Raman spectrum shown kigure 26 suggess sample4A and Sample @ haveessentially the
same spectrum with isothiocyanates(N=C=S), carhdfur and carbon chloride compounds.
Sample 4B has a very different spectrum, the spectrum itself is showing arotsefand
interference. This is the reason that the lower peaks halvbeen interpreted as CSC and
CCI/CCk. Raman shift ~280ctis a shoulder of a peak and is not very defined, identifying it as
a saturated aliphatic acid chloride (CI=C=0). The clear peak at 43#%ams identified as
secondary aliphatic amines (CNC},&10cm' tertiary thioamides (NCS), at 940¢meaturated
primary and secondary nitro compoundsNE Lastly at 1185cm and 1597cm there are the

familiar peaks of Isothiocyanates (N=C=S) and aromatic acid galfs (respectively.

No major changs from the other sample sites in terms of the compounds identified. The
combination of sea spray, minerals from the cliffs and atmospheric pollution from car fumes has
contributed to the compounds identified.

59| Page



pH and Conductivity

Sample Site| Sample | pH Conductiv

A 5.75 294
4 B 5.52 406
C 55 156

Table 11. Table ofpH and conductivity of samples taken from sample site 4.

The pH in all samples are about pH5ds seen iTable 11. The conductivity idiigher in this
sample site than the othefde rate of corrosion in this sample sitexpected to baigher than
any other sample site in this area. Sample 4B has a much higher conductivity suggesting there are

more conductive elements present.

X-Ray Diffraction (XRD)

Sample 4A Sample 4B Sample 4C
Iron Oxide Iron Oxide Iron Oxide
Sodium Iron Oxide Iron Carbide Iron Silicate
Sodium Calcium Sulfate Sodium Nitrate Potassium Sulfate
Calcium Titanium Oxide Magnesium CarbonatgPotassium Nitrite
Calcium Aluminum Oxide Calcium Carbonate |Potassium Sulfide
Calcium Aluminum Oxide Sulfat€alcium Nitride Sodium Sulfate
Calcium Iron Oxide Calcium Phosphate |Magnesium Carbid
Silicon Oxide Calcium Silicate Magnesium Silicatg
Zinc Silicate Calcium Carbide Calcium Chloride
Zinc Sulfate Silicon Carbide Calcium Carbonats
Zinc Oxide Sulfate Zinc Oxide Calcium Phosphatg
Zinc Oxide Aluminum Sulfide Calcium Sulfate
Aluminum Silicate Copper Sulfide Calcium Sulfate
Manganese Oxide Titanium Oxide Silicon Oxide
Manganese Oxide Lead Sulfite Zinc Phosphate
Lead Arsenate Zinc Sulfate
Arsenic Manganese Silicats
Barium Silicate Titanium Sulfide
Titanium Oxide

Table 12. XRD analysis of samples taken from sample site 4.

All the samples from sample site 4 contain ioxides providing evidence that corrosion of the
steel structure is taking place and that the coating is no longer working as a protective barrier.

There is morainc salts in sample site 4 compared to the other sample sites in area 1.
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Sample 4A has aimilar Raman spectrurto the other sites in areacbntaining carbonsulfur
and nitrogen organic compounds. This sample also has the second highest conductivity out of all
the samples in area dossiblydue to the zinc products as seethie XRDTable 12.

Sampe 4B has the highest conductivity of all the samples in ardhis sample is associated
with heavier elemds such as lead, arsenic, bariwmiith the addition of copper. Sample 4C
despite having the most salttare the lowest conductivity and the most alloy corrosion products.

Sample 4Rontains some toxigeavy elements such assenic andead compounds. The origins

of both these elements is unknotaunt, might originate from fuels and paint protectors
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3.2:Area 2
3.2.1Sample Site 5

Sample site 5 is located above the workshop side of the security gate in area 2 as Bigpwea in
14.

SN

ample site 5.

The types of corrosion that can be observed at sample site 5 is filiform, intergranular (exfoliation)
and underneath the coating which is visibl&igure 27 A some uniform corrosion of the steel.
Sample site 5 does not have any severe corrosion bilt déssoloured with the coating peeling
away very easily from the metal. This suggests that just like the other sample sites so far, under

coating corrosion has taken place.
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Scanning Electron Microscope (SEM)

Figure 28. SEM analysis of the samples from sample site 5.

The following elementweredetected usinthe SEM/EDX(Figure 28), for all the samplesdm
sample site 5carbon, magnesium silicon, chlorine, calcium, sodium, iron, zinc, sulfur and
titanium. Sample 5A also containgghosphorus,molybdenum andmanganese. Sample 5B
additionally hactcopper,phosphorus anderium. Sample 5C only had one other element present,
which wascerium.
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Figure 29. Raman analysis of samples from sample site 5.

The spectrum for samples 5A and iSBery similar, unfortunately for sample 5C there is a lot of
fluorescence interference and only three peaks could be roughly ieldatifseen ifrigure 29.

Sample 5A cotains the same compounds as mentioned for the samples in area 1, the difference
being that sample 5A also contains secondary thioamides (NCS) at ~598uis sample also
contains nitroamines (Nat ~1294cm. Sample 5C has saturated aliphatiborides (CI=C=0)

at 325cnt, aliphaticsulfides and dsulfides (GS) at 671cnt and isothiocyanates at 1188ém

There is no large difference from the other Raman spectra observed on the bridge so far. The only
new identification is sample 5A at 1294¢nmitroamines (NG).

pH and Conductivity
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Sample Site | Sample pH Conducti vi
A 5.94 75

5 B 6.29 92

C 6.01 366

Table 13. ThepH and conductivity for samples from sample site 5.

Sample site 5 is acidias shown inTable 13, but, has very poor conductivity in the first two
sampls. Sample 5Cinstead hashe highest conductivity. Thisuggestshat the large bare strip
of metal as seen above figure 27, picture B is undergoing a high rate of corrosion when

compared to the rest eample site 5.

X-Ray Diffraction (XRD)

Sample 5A Sample 5B Sample 5C
Iron Sulfate Iron Oxide Hydroxide |lron Oxide
Iron Phosphate Iron Oxide Iron Silicate
Iron Molybdenum Carbidélron Sulfide Iron Sulfide
Sulfur Nitride Sodium Oxalate Iron Silicon Carbide
Sodium Chlorate HydratgMagnesium lron Silicate|Sodium Zinc Silicate
Sodium Carbonate Magnesium Nitride Sodium Sulfate
Calcium Phosphate Magnesium Silicate Magnesium Silicate
Calcium Nitrate Calcium Oxide Magnesium Oxide
Calcium Silicide Calcium Chloride Hydrat&alcium Magnesium
Zinc Sulfate Silicon Oxide Calcium Sulfate
Zinc Hydroxide Silicon Phosphide Calcium Carbide
Manganese Oxide Zinc Sulfate Silicon Carbide
Molybdenum Oxide Zinc Carbonate Silicon Carbide
Titanium Oxide Zinc Oxide Zinc Hydride
Hydrazine Sulfate Titanium Oxide Zinc Chloride Hydrazir
Glutamic acid Titanium Sulfide Zinc Sulfate
L-Aspatrtic acid Copper Phosphate Zinc Oxide
Aniline hydrochloride Cerium Carbide Titanium Oxide
Heptadecylcyclohexane |Ammonium Chlorate Cerium Carbide
Octachlorodibenzofuran Ammonium Nitrate

Table 14. XRD analysis of the samples from sample site 5.

All the samples form sample site 5 have a lot of iron corrosion products, with a small number of
salts(Table 14). There are a lot of zirmorrosion products present in all sampieigh only sample
5A containing molybdenum and manganese corrosion prqodugish will have come from the

steel alloy.
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There is no aluminium present but there is at least one corrosion product of tjtahichwill

have come from the steel alloy. Samples 5B and C contain heavier elements (cerium), with sample
B having a copper corrosion praduBoth samples though have ammonium compounds, sample
5B contains ammonium chloraterhich is when ammonia and chlorimeact usually from
ammonia neutralising an acid chloride, sample 5C contains the salt ammonium nitrate which is

formed when ammonia neutralises a nitric acid.

These two corrosion products give a lot of evidence as to why sample site 5 is acidic. Sample 5A
contains a plethora of new compounds: hydrazine sulphate is a salt which formed by the reaction
of sulfuric acid and hydrazine (NINIH>), glutamic acid is made up of two carboxyl groups and

an amino groupaspartic acid also contains a carboxyl group wli difference being it has the
addition of a carbonyl! group.

Aniline hydrochloride is essentially a benzene ring and an amine chloride group,
heptadecylcyclohexane is a long chain compounds with a carbonyl ring at the end,
octachlorodibenzofuran is a sesiof carbons arranged in a ring like structure containing chlorine

functional group$?.

There is a lot of chlorine present and acids that are producing these corrosion products, some of

these corrosion products a most carbon based.

The observation othe many organic compounds indicatbat the carbon particulates are

adsorbing corrosive compounds and reaction with them on the surface of the metal.
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3.2.2Sample Site 6

Sample site is located very close to sample site 5 as shdviguire 14.

Figure 30. Before(A) and after(B) sampling of sample site 6.

Sample site 6 does not have severe corrosion, from what can be seen in picture ARigdi in

30 the coating is still mostly intact. There is a fair amount of staining on the sides of the beam
which has probably come from car fumes. The types of dorrdlsat can be seen here is mainly
intergranular corrosion where the edges of the beam have been corroded firstly, eating the primer
from beneath the rest of the coating on the beam. This can be seen in picture B where there is

exposed metal that has allgebeen corroded, uniform corrosion.
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Scanning Electron Microscope (SEM)
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Figure 31. SEM analysis of sample site 6.

Figure 31 shows the SEM images for sample site 6. fofiewing elementsveredetected in all
the samples for sample sitedarbon,magnesiumchlorine, zinc, iron, calcium, titanium, sulfur,
sodium, silicon. Sample 6A also contairghosphoruspotassium andluminium. Sample 6B
additionally containgluminium andmanganese. Sample 6C also contalasninium, barium

andmanganese.
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Sample 6C
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Figure 32. Raman analysis of sample from sample site 6.

Raman spectrum iRigure 32 shows thatample site 6 contairsulfurand chloride compounds.
Sample 6A and C are similar with the differences being that sample 6C has thiocyanates (CSC)
at ~550cmmt and aliphaticsulfides and dsulfides (GS) at ~670cm. Compared to sample 6A
having secondary thioamides (NCS) at 584chhe differences between sample 6B and the other
sample is the aliphatic acid chloride (CI=C=0) at ~380@nd isothiocyanates (N=C=S) at
~1188cm'. Samples 6A and C have methyl sulphones)80~1290cm.

The different compounds identified when compared to the other sample site are the additional

thiocyanates (CSC) and the methyl sulphonesgfS&uditional evidence o$ulfur and nitryl
compounds.
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pH and Conductivity

Sample Site| Sample | pH Conductiywvy

A 8.93 213
6 B 7.61 266
C 8.45 323

Table 15. ThepH and conductivity of the samples from sample site 6.

As seen infable 15 sample site 6 haagnoverallbasicpH which differs from sample site 5 that

is acidic in area 2. Sample site 6 also has a much higher conductivity than the other sample site,
this is probably because of the formation of salts. There are aslaff@fand chloride compounds
identified in the Raman aboveaif there are a lot of basic compounds then there will be more
salts formed.

X-Ray Diffraction (XRD)

Sample 6A Sample 6B Sample 6C
Iron Oxide Iron Oxide Sulfur Oxide
Iron Oxide Hydroxid@ron Sulfate Sodium Iron Oxide
Iron Phosphate Sodium Oxalate Sodium Carbonate
Iron Silicate Sodium Sulfide Sodium Sulfate

Potassium Oxide |Magnesium Sulfate Magnesium Iron Silicatq
Potassium Nitrate |Magnesium Silicate Magnesium Nitride
Potassium Cyanide |Magnesium Silicide Calcium Carbonate

Sulfur Oxide Zinc Sulfate Silicon Oxide

Sodium Sulfate Zinc Carbonate Zinc Oxide

Calcium Sulfate Aluminum Hydroxide [Aluminum Magnesium
Calcium Carbonate |Aluminum Oxide Manganese Oxide
Silicon Oxide Aluminum Manganese [Manganese Silicate
Zinc Hydroxide Manganese Oxide Titanium Oxide

Zinc Sulfate Manganese Carbide |Barium Silicate

Zinc Oxide Manganese Sulfide Barium Chloride
Aluminum Oxide Titanium Oxide Barium Titanium Oxide
Titanium Oxide Hydrogen Sulfate Barium Carbonate
Ammonium Nitrate |Aminodiacetic acid Ammonium Chlorate

Ammonium Chloride|Methanol eicosahydrate¢Ammonium Thiocyanat

Table 16. XRD analysis of samples form sample site 6.
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As seen inTable 16 samples 6A and B bbtcontain iron corrosion producgtehich have come
from the metal but, sample 6C does not have these corrosion products without the addition of
another element. There are not that many salts in each of the samples but there is a lot of corrosion

product fron other metals that are part of the steel alloy, aluminium, titanium and manganese.

Sample 6A and 6C have ammonium compounds, which means that the acidic corrosion
environment is being neutralised by basic compounds. Sample 6C contains a lot of badlum whi
has reacted with the metal, mi nerals from t
interesting compounds that are different from the other samples are; hydubgjestewhich is

an ion ofsulfuric acid, aminodiacetic acid is another acid the been made in the thin film, and

methanol eicosahydratehich is an alcohol.

Sample site 6 has very little in terms of minerals compared to the other sites so far and less salts.
This site has more nitrogdrased groups and metal corrosion products.
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3.2.3Sample Site 7

Sample site 7 is located directly above the security gate separating the workshop from the main

road, as seen fRigure 14.

Figure 33. Before(A) and after(B) sampling at sample site 7.

The corrosion at this sample site is satvere even though it might look like .itlt is just
decolourised and stained seen ifrigure 33. The types of corrosion that can be seen from both
pictures is: filiform, intergranular and uniform. This sample site damsever, look as ifracking
corrosion has taken place from the stress applied to the bridge or a change in the structure of the
steel. The change in the structure is if it is cooled and heated shrinking and enlarging the metal.
The cracks are raised and therefore the type of carriobdssconcluded to be filiform as that

gets underneath the coating and eats away the metal, which can be clearly seen in picture B. This

sample site like others has been stained around where the corrosion has occurred.
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Scanning ElectronMicroscope (SEM)
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Figure 34. SEM analysis of sample site 7.

Figure 34 shows the SEM images for sample Fit&he EDX detected théllowing elemensin
all the samplesarbon silicon, chlorine,manganesesalcium,sulfur, titanium,iron, zinc, sodium
and magnesium, Sample 7A also containedrium, barium, potassium, phosphorus and
auminium. Sample7B additionally containedoarium andbromine while sample 7C also

containeddluminium andpotassium.
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Figure 35. Raman analysis of samples from sample site 7.

Figure 35 shows the Raman spectrum for the samples from sample Stamples/B and 7C

have spectrummwhich have already been previously discussed containing compounds that are
made up of mainlgarbonsulfur, nitrogen and chlorine. Sample 7A is the different spectrum for
this sample site containing: aliphatic acid chlorides(CI=C=0) at 423caliphatic
chloroformates(CCl) at 491ch tertiary thioamides(NCS) at 584dmaliphatic sulfides and
disulfides (GS) at 676cm, phosphorus to hydrogen bonding -HIP at 1025cr,
isothiocyanates(N=C=S) at ~1188¢émmethyl sulphones (S{at ~1290crt and lastly aromatic

acid salt§6 0 ) at ~1550cr.

The sharpest peak gample 7Ais the phosphorus to hydrogen bomdhich has not been seen in
other sample site containing phosphorus. Another new peak was at ~15%0toh has been
identified as being aromatic acid salthis is evidence that there is a corrosive environment and
that @rbon is helping with the deposition as aromaticity is usually from benzene ring made up of

carbon.

77| Page



