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Abstract 

 

This thesis is an investigation into the origins and severity of corrosion caused to the elevated 

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 stage 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 bridge. It was also 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 occasions of sample collecting, one on the 4th of December 2017 and the second 

sample collection on the 12th of June 2018. Collected from the old and new parts of the bridge 

respectively. The sample where stored in a controlled environment until characterized by visual 

inspection (Scanning Electron Microscopy; SEM), pH, conductivity, X-ray Diffraction (XRD), 

Electron Dispersive X-ray Fluorescence (EDX) and Raman spectroscopy. From these analyses, 

the severity, corrosion rates and products could be determined. 

 

The results 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 

carbon-based compounds forming black particulates originating from the fuel emissions of heavy 

traffic could be observed in a majority of the samples. The type and quantity of anions observed 

in the samples varied across the bridge, proposing that the samples collected in areas exposed to 

sea spray (elevated and open sites) demonstrated 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 failure at the 

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. 

 

 



 

Carbon-based particulates originating from 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 chemical reaction rates 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 build-up of the particulates, and that the steel construction of the elevated road is carefully 

washed and 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  

Corrosion is an expensive problem for everyone. It is estimated that 3.1% of the worlds GDP is 

allocated for corrosion maintenance every year [1]. Corrosion process when the right conditions 

and as a result, it is heavily affected by the conditions around the corroding material. Many 

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 undergo. Atmospheric 

pollution, acid rain, greenhouse gases, depletion of the ozone layer all affect the rate of the 

corrosion process. This has led to proposals of international legislation to repair and prevent the 

damage caused by corrosion. Corrosion is one of the observed devastations that pollution is 

causing to the environment, this decay is difficult to stop but it can be slowed down. An 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 these factors and monitor it continuously. 

A properly installed system would perform more efficiently, for a longer duration without 

maintenance and would also reduce the pollution in the environment. As environmental 

conditions affect the speed of degradation, the type of material and protective coating should be 

modified in the necessary way to reduce this process [2].   

 

This thesis details the investigation carried out on the elevated bridge in the Port of Dover, in 

order to determine the causes and types of corrosion present on the structure. It reviews previous 

research done on corrosion and coating materials, the chemistry of the corrosion that is happening 

to the bridge, by analyzing the corrosion products and attempting to form a direct correlation 

between these products and the environmental conditions down at the port. A map detailing the 

corrosion types, their severity and the environmental factors affecting the different areas of the 

bride will be produced. 

 In conclusion, this thesis will provide recommendations on the types of coatings that would be 

best employed to prevent anymore corrosion occurring on the elevated bridge.  
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The Project ï Port of Dover 

 The Port of Dover is an industrial Port, one of the worldôs largest and is the UKôs leading link to 

the rest of Europe. In the 1990ôs the port was handling 19.4 million passengers, 3.3million cars, 

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

within the space of 243 hectares of water and 140 hectares of land [3]. This is a large amount of 

traffic travelling through the port and the numbers will only have increased since the 1990ôs. The 

pollution from the heavy traffic and natural environment of the Port gives rise to a corrosive 

environment. This has resulted in recently new section of the bridge showing signs of faster 

corrosion than expected. The investigation into the corrosion process was sponsored by the Port 

of Dover with the aim of identifying a solution to the corrosion associated with the elevated 

bridge. 

 

As part of this investigation, samples were taken from both the old and new parts of the elevated 

bridge in the Port. The samples were analyzed using several analytical techniques, including 

Scanning Electron Microscope/Electron Dispersion X-Ray (SEM/EDX), Raman Spectroscopy 

and X-Ray Diffraction (XRD). Air monitoring was carried out in order to find a correlation 

between the corrosion products found along the bridge and the air quality of those areas. pH and 

conductivity of the samples were also recorded, it was expected that lower pH would correlate 

with more acidic corrosion products and vice versa with basic corrosion products. The pH, 

corrosion products and environmental analysis should provide a correlated overview of the bridge 

and what is affecting the corrosion process in the different areas of the bridge. Details of 

procedure, analysis and discussion of results will be discussed later in this thesis. 
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1.1:Project Objectives 

In co-operation with the Port of Dover authorities a series of objectives where agreed upon that 

the was to be delivered at the end of the project: 

 

¶ The causes of corrosion 

¶ The severity of corrosion 

¶ The types of corrosion  

¶ The corrosion products 

¶ An environmental analysis 

 

Lastly, a paint system recommendation to then apply to the elevated road to protect it from the 

corrosive environment, as well as any other methods that could be implemented to protect the 

structure. The milestones that where discussed and confirmed with the Port in order 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. 

¶ Milestone 4: Characterization and analysis of samples from the first sample collection 

and produce a midterm report for the Port of Dover. 

¶ Milestone 5: The second set of sample collection. 

¶ Milestone 6: Analysis of the environment. 

¶ Milestone 7: Research of coating systems and the most appropriate according to the 

corrosivity of the environment. 

¶ 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 

presentation were to be made to the Port of Dover presenting the results and 

recommendations. 

¶ Milestone 9: Finishing the masterôs thesis and presenting them with a copy for future 

reference. 

 

This thesis will meet the final requirements for the project agreed with the Port 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 of vehicular traffic going through it every day as mentioned in the 

introduction, in such a small area this creates a concentrated area of corrosive agents [3]. The 

elevated bridge is situated in a highly polluted part of this environment, part of the bridge is 

directly on top of the filter road to each ferry outlet allowing for all the pollution to be deposited 

on the underside of the bridge. The 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 bridge. As can be seen in figure 1 below the bridge goes over 

the input road to the ferries, the security gates and a car park. The vehicles coming from the ferries 

filter onto the elevated road via the ramps. 

 

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

 

The humidity of the Port is higher than 40% which is the level required for corrosion to take 

place [61]. There may be other compounds involved, from the cliffs, oil/lubricants that have run 

off from vehicles and other elements from unburned hydrocarbons. Including chlorine from the 

sea and the sulfur oxides coming from vehicle pollution, the Port meets the requirements to be 

classified a marine/industrial corrosive environment [29].  
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1.3:Corrosion 

 

For a material to corrode it must have access to oxygen and water, a common example is the 

corrosion of steel which contains iron. In the corrosion process iron is transferred into rust, which 

is an iron oxide. As this process is taking place in the thin film, other corrosive impurities in the 

air are adsorbed, this is referred to as atmospheric corrosion, the most commonly studied type of 

corrosion. This is an electrochemical process that occurs through surface wetting, a thin layer film 

forms on the surface of the material and allows for electrolytes to adsorb onto the surface of the 

metal. Due to the thin film, the process is easily influenced by temperature, humidity, 

precipitation, type of alloy and air pollutants. There is an anodic and cathodic 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 below in Equation 1. 

 

ὊὩ O ὊὩ ςὩ  

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 below in Equation 2. 

 

ὕ ςὌὕ τὩ  O τὕὌ  

Equation 2. Reduction of water into hydroxide ions, the cathodic part of the reaction. 

 

The total reaction will give the corrosion product iron hydroxide(rust), which is shown below in 

Equation 3, the full redox reaction. 

 

ςὊὩ ὕ ςὌὕ O ςὊὩὕὕὌ  

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 rust product iron hydroxide [4,5]. 
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Corrosion is a process that affects most materials but mainly metals, ceramic and polymers. The 

driving force behind the corrosion is due to the change in a systems Gibbôs energy. A material is 

continuing to undergo chemical reactions until it transformed into the energetically most 

favorable state under the environmental conditions present. Again, iron metal is used as an 

example. Under the correct conditions iron metal will be oxidized to iron oxide (Fe2O3), where 

iron is in oxidation state 3. Reducing the pH of the environment, Fe(III) is less stable which 

transforms into Fe(II) leading to the formation of other oxide compounds such as Fe3O4
[6,7].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 | P a g e 
 

1.4:Types of Corrosion 

 

As seen in the reaction scheme for corrosion above, corrosion can be thought of as an 

electrochemical process. This is the main mechanism for the corrosion process. The reaction 

presented in Equation 3 above has assumed no outside interference from other chemical 

compounds. Another assumption is that the anodic and cathodic reactions are happening over the 

total surface of the metal but are not occurring simultaneously in the same place. Because of this 

assumption it is viewed as having no macroscopic pockets of concentration differences in the 

electrolyte across the surface of the metal and that the metal itself is homogenous. 

 

All these assumptions lead to a uniform attack on the metal surface, referred to as uniform 

corrosion. This is, however, one of many different types of corrosion that can occur. The other 

types of corrosion deviate from the previously mentioned ñuniformò corrosion. There are several 

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

 

¶ The design of the 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 

¶ Acid material synthesis. 

 

These differences will change the direction and appearance of the attack, each type of corrosion 

has its own visual characteristics. Due to this the type of corrosion can usually be identified via 

visual inspection and, if necessary aided by a magnifying glass. Each type of corrosion has 

different causes, so a visual inspection is important when it comes to determining the cause of 

corrosion/failure of the metal structure [8][9]. On this basis the following corrosion types can be 

identified: 

 

1. Uniform (general) corrosion 

2. Galvanic (two-metal) corrosion 

3. Thermogalvanic corrosion 

4. Crevice corrosion 

5. Pitting corrosion 

6. Selective attack (de-alloying) 

7. 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 corrosion [8]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The different types of corrosion [8]. 

 

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 predictable pace [10]. Uniform corrosion is essentially the basic 

definition of localized corrosion as it is only occurring on the surface of the metal. Ideal uniform 

corrosion occurs when there is an equal flux of metal ions from the surface of the material and 

cathodic ions from the reactants, interacting on the surface of the material. The anodic and 

cathodic sites are sufficiently small and uniformly distributed such that there will not be failure 

due to a localization of the anodic reaction site.  
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This failure usually occurs when there is any kind of physical irregularity with the metal surface. 

This can involve, grain boundaries, crystal imperfections (dislocation and surface steps), different 

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

to the atomic level can make some areas behave differently electrochemically, some being more 

anodic when under aqueous conditions. These changes are usually very small, macroscopic, 

making the corrosion appear to be uniform corrosion. Effective uniform corrosion can also occur 

when the diffusion through the corrosion products is the rate determining step [11][12]. 

 

1.4.2:Galvanic corrosion 

Galvanic corrosion occurs when two different metals are physically touching in an 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 metals touching. This type of 

corrosion results in a fast degradation of the metals but, as the potential of the two metals are 

different it means that one metal will consume the other. The galvanic corrosion of one metal can 

result in the corrosion protection of another metal, due to this, sacrificial metals are heavily used 

in industry to protect steel structures. 

 

In galvanic corrosion, two dissimilar conducting metals are exposed to an electrolyte, where a 

current called the galvanic current flows from one metal to the other. At the anode, electrons will 

be created by an oxidation process: 

ὓὩ O ὓὩ ὲὩ  

Equation 4. Anodic reaction. 

 

This means that the anodic member is consumed. The reaction is directly related to the current by 

Faradayôs law. Under coupling conditions another type of corrosion is taking place 

simultaneously to the anodic 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 protection protects the cathodic member of the two metals 

and is known as being ñcathodically protectedò [13][14]. 

Thermodynamically this process can occur spontaneously. The change in Gibbs (ЎὋ) free 

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

ЎὋ π. The change in free energy can be calculated from measuring cell potential, Ὁ. The 

work done can be delivered by an electrochemical cell in a given state with ὲὊ Ὁ, which is 

equivalent to Gibbs free energy [90]. 

 

ЎὋ  ὲὊ Ὁ 

Equation 5. Gibbs free energy [90]. 



9 | P a g e 
 

Where ὲ, is the number of moles of electrons, Ὂ is Faradays constant (96,485 C/mol) and Ὁ is 

the cell potential (in volts) for a cell in a given state [90]. 

 

1.4.3:Thermogalvanic corrosion 

Thermogalvanic corrosion results from a macrocouple, which 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 between the hot and cold pieces of metal, the electrical conductivity of the corrosive 

medium, the distance between he pieces of metal and the overvoltageôs of the anode and cathode 

process [15]. The best method of prevention for this type of corrosion is to cool the metal and bring 

it to a uniform temperature [10]. 

 

1.4.4:Crevice corrosion 

Crevice corrosion is a common type of localized corrosion that can be found in crevices or at 

shielded surfaces where a stagnant solution is present. This is a common type of corrosion that 

can cause structural failure, as it occurs with alloys that usually have excellent corrosion resistance 

like stainless steel and corrosion is not always immediately visible. Crevices make a sheltered 

chemical environment which is different from the normally exposed surface of a structure and as 

a result can increase the rate and severity of corrosion. The environment keeps moisture trapped, 

adsorbs pollutants from the atmosphere, concentrates corrosion products and diffuses oxygen. 

Most cases of crevice corrosion occur in near-neutral pH environments in which dissolved oxygen 

is the cathode reactant. 

 

The crevices in which this type of corrosion occurs are formed by:  

1. The geometry of the structure 

2. Contact of metal with non-metallic solids 

3. Deposits of sand, dirt or permeable corrosion product on the metal surface (referred to as 

a deposit attack). 

With any kind of corrosion, energy is required for the process to occur. The reacting components 

go from a higher energy state to a lower energy state, This releases energy that allows the 

corrosion reaction to take place. In dry conditions the diffused oxygen reacts, forming oxides with 

the metal. By forming a metal oxide layer the reaction acts as a barrier for oxygen diffusion. 

Forming a protective layer, halting the corrosion process, this will last if this layer is intact and is 

not removed or cracked [17].  
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When moisture 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 corrosion that essentially involves the trapping of 

moisture between the surface of the metal and a non-metal material. There 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 manganese to protect alloys containing magnesium [16].  

 

1.4.5:Pitting corrosion 

Pitting corrosion is a type of localized corrosion, where the material loss is characterized by 

penetrations occurring the in the surface of the metal. This type of corrosion can be identified 

with the naked eye as there will be blemishes on the metal [18]. 

Pitting corrosion will only occur in the presence of aggressive anionic species, and most 

commonly chloride ions, although they are not always the cause. The severity of the pitting tends 

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. As a result, the presence of 

oxidizing agents in a chloride containing environments is extremely detrimental to steel 

structures, and further enhances localized corrosion [19].   

 

1.4.6:Selective attack ï De-alloying corrosion 

Dealloying is a corrosion process which targets and removes one constituent from the alloy 

leaving an altered structure. The most commonly seen example of dealloying is from copper base 

alloys, such as copper-zinc and copper aluminum alloys. These attacks result in severe structural 

loss from the alloy as it removes a key constituent. The mechanism for this corrosion is relatively 

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

corrodes with the oxidation of iron, removing the metal from the structure or alloy [20][21]. 

 

1.4.7:Intergranular corrosion  

Intergranular corrosion is also localized corrosion occurring at the microstructure level, 

specifically the grain boundary region of the alloy, and is electrochemically different from the 

rest of the alloyôs microstructure. Corrosion can occur when there is heterogeneity such as, a 

change in the grain boundary structure. An example is in aluminum-copper alloys, if Al 2Cu 

particles are precipitated at the grain boundary it leaves the adjacent solid solution anodic and 

then more prone to corrosion. In aluminum-magnesium alloys the opposite occurs, Mg2Al 3 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 corrosion that results from intergranular corrosion. Caused by 

serious intergranular corrosion resulting in sheets of the metal to come away parallel to the alloy. 

Exfoliation is characterized by the lifting of the layer of uncorroded metal, which are swelling 

away from the alloy, due 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 

boundaries are exposed [22]. 

 

1.4.8:Erosion corrosion 

Erosion corrosion is a gradual wearing of a metal surface due to a combination of both corrosion 

and abrasion from a water stream running over the area. The greater the velocity, the greater the 

corrosion of the metal. An example is that water moving in pipes will contain air bubbles and 

solid matter, particulates, like 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 place [23]. 

 

1.4.9:Cavitation corrosion 

The cavitation process is defined as the formation of the vapor phase from a liquid due to change 

in temperature at a constant ambient temperature. There are a lot of variables such as the change 

in temperature, turbulence and velocity but, the change of liquid to vapor remains the same. When 

the bubbles enter a region of high pressure or low temperature they burst, producing a jet of liquid 

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

corrosion [24]. 

 

1.4.10:Fretting corrosion 

Fretting corrosion is a result of small cyclic movements between two materials caused by cyclic 

loading. The reason this is called fretting corrosion instead of just fretting, is because the fretting 

allows for electrochemical imbalances to occur, allowing for corrosion to take place and increase 

the damage done. The other contribution of damage is rubbing between tow materials. This type 

of corrosion most commonly occurs to joints and bolts.  

 

Essentially, a piece 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 place between the two metals, 

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

named fretting corrosion instead of just fretting [25]. 
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1.4.11:Stress cracking corrosion 

This type of corrosion is quite rare but when it does occur it can be devastating structurally, 

occurring with very little metal loss. There are three basic mechanisms from this type of corrosion 

the first being active path dissolution.  

 

Active path dissolution is very similar to intergranular corrosion where there is a gap in the grain 

boundaries and some loss of metal from the alloy creating an electrochemical imbalance. There 

have also been cases of no imbalance and instead a form of crevice corrosion has occurred in the 

alloy. When stress is applied however, 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 in-between 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 causing metal embrittlement. In the most 

extreme cases this can be a fast process up to 1mm/s. 

 

Lastly, the third mechanism is film induced cleavage. If a 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, if they cannot then that allows for further corrosion to occur [26].  

 

1.4.12:Corrosion fatigue 

Corrosion fatigue is the process where the corrosion has weakened - ñfatiguedò- the structure and 

with a combination of other factors such as stress and bending, the structure can fail. An example 

would be off-shore flowlines where gas and oil companies prefer to use low alloyed steel. As a 

result, pitting corrosion is common, together with stress coming from thermal transients and 

bending due wave motion, the structure can fail with these pipelines giving rise to corrosion 

fatigue [27]. 
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1.4.13:Summary 

In the case of this project for the Port of Dover, the types of corrosion that are relevant are: 

 

¶ Uniform corrosion 

¶ Crevice corrosion 

¶ Pitting corrosion 

¶ Selective attack ï Dealloying corrosion 

¶ And intergranular corrosion 

 

Uniform corrosion is the most basic type of corrosion, so this expected to be encountered. Crevice 

corrosion likely due to the structure of the bridge and the pollution from the continuous traffic 

flow at the site providing atmospheric pollutants that aid corrosion and covering the bridge in 

carbon particulates. Pitting corrosion can also occur because of the chlorine ions coming 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 

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

 

The Port of Dover is an industrial port with a lot of traffic passing through. This makes it a marine 

and industrial environment with heavy atmospheric pollution from transport associated by their 

activities [3]. For a marine-industrial environment the loss of metals, for example, iron, zinc, 

aluminum and copper have been attributed to the following factors: 

 

¶ The relative humidity (if itôs less than 40% the corrosion will not take place) [61] 

¶ Wetting time 

¶ Amount of chloride 

¶ Presence of SOx and NOx in the atmosphere 

 

High corrosion rates in industrial areas have been linked to high concentration of SO2 while, for 

marine environments it is the chloride content [28]. At the Port of Dover there will also be the NOx 

from diesel engines, resulting in the synthesis of nitric acid which contributes to a more acidic 

environment [89]. However, when it comes to categorizing the type of environment whether it is 

urban, rural, marine or industrial, there are three main parameters used: the time of wetness 

(TOW); sulfur compounds based of sulfur dioxide (SO2), and airborne salinity contamination (Cl-

). These parameters are defined as Ű for TOW, P for sulfur dioxide (SO2) and S for salinity (Cl-). 

Based on the measurements of these parameters a classification can be assigned. 

 

 

 

 

 

 

 

Table 1. Classification of TOW, sulfur compounds using SO2 and salinity contamination (Cl-) 

[29]. 

 

Using the properties in Table 1, provides standards that allows for different look-up tables for 

metals, iron, copper, aluminum, zinc, leading to a classification system of corrosivity based on 

the environment. These classes denoting corrosion are given as C1-C5. 
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Table 2. Corrosivity categories based on the corrosion rates of iron, zinc, copper and aluminum 

[29]. 

 

As an example, the lowest rating (C1) is an indoor area with no pollution and low humidity, the 

highest rating (C5) is a marine/industrial environment with a lot of atmospheric pollution. This is 

the system from the ISO 9223 ñInternational Organization for Standardizationò [29]. The system 

can be fully used to evaluate environmental stress on corrosion. The selection of anticorrosion 

measures or estimations of service life according to the provisions of the international standards. 

Selective accelerated corrosion tests are used to verify the proposal of anticorrosion measures for 

given environments. When these tests are compared to the expected corrosivity of the atmosphere 

in the exposure conditions, they prove to not be similar. This is expected because accelerated 

corrosion tests do not correlate with corrosion stress in the conditions of a real environment [29].  
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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 structures, there must be an evaluation of the environment that the 

structure is in and how this affects the types and rate of corrosion. There are classifications for 

how corrosive an environment is and depending on location and pollution, recommendations can 

be made on what the steel should be coated in [30].  

As stated before, The Port of Dover is an industrial Port, one of the worldôs largest and is the 

UKôs leading link to the rest of Europe. In the 1990ôs the port was handling 19.4 million 

passengers, 3.3million cars, 7.5 million freight vehicles, 14 million tons of cargo and over 66,000 

shipping movements. All within the space of 243 hectares of water and 140 hectares of land [3]. 

This port is in a marine environment with heavy industrial pollution from all the traffic that goes 

through it. It is in a small area with a high concentration of pollution and this, can be visually seen 

on the bridge in black particulates and other stains on the metal surface.  

  

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

both an industrial and marine environment [31]. The Port of Dover fits a C5 classification, wcih 

according to the official description is, ñthe most corrosive atmospheric conditions that may occur 

locally at western coasts or at particularly polluted industrial and urban areasò [36].  According to 

the International Organisation for Standardisation, with their document on: ñPaints and varnishes -- 

Corrosion protection of steel structures by protective paint systems -- Part 2: Classification of environmentsò EN 

ISO 12944-2, C5 is the highest corrosivity factor and is in an aggressive environment for pollution 

with continuous condensation [37]. 

Having established how corrosive the environment is purely from it being an industrial port the 

next phase will be to pick the appropriate coating that will be effective in preventing the corrosion 

for as long as possible in such a difficult 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 display an example, the build-up of a coating system (see Figure 3). 
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Figure 3. Protective coating system [32]. 

1.6.1:Hot Dip Galvanising and Surface Preparation 

The technique of ñhot dip galvanisingò along with a coating of paint is what is used for high 

corrosive environments [8]. This technique is a cost-effective way of protecting steel structures 

and has been in use since 1850 when it took off as an industry in protecting steel structures [34][38]. 

Before going into this technique, the steel must be prepared for it, this is known as surface 

preparation of the steel, an important step in the coating process. Most 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 surface coating: degreasing, acid pickling and fluxing. 

 

1.6.1.1:Degreasing: is 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. 

Degreasing baths cannot remove epoxies, vinylôs, asphalt, or welding slag; thus, these materials 

must be removed by grit-blasting, sand-blasting, or other mechanical means before the steel is 

sent to the galvanizer. This process is to remove dirt and contaminants on the 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, this 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 process serves two purposes. 

Firstly, removing any remaining oxides and secondly deposits a protective layer onto the steel to 

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

 

The flux process can be applied any one of two ways, wet or dry. In 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 zinc so that the metal is fluxed as it is dipped into the molten zinc [34][38]. 

 

In the galvanising step the metal structure is completely immersed in 98% molten Zinc. The bath 

temperature is maintained at 449oC, Items immersed in the bath are kept there 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 Zinc [34][38][39][40][41]. 

 

 

Figure 4. Schematic picture of the galvanising process [40]. 
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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 aggressive environments [37]. The thermal spray process 

itself can be split into two groups, combustion and electrical.  

 

Figure 5. Schematic picture of the thermal spray process [45]. 

Currently thermal (wire arc) spray is the preferred method based on cost and maintenance for 

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

illustrated below in Figure 6. 

 

Figure 6. Cost comparison of combustion and electrical methods for the thermal spraying 

technique [45]. 

Thermal arc spray technology involves four main components: the spray gun used to receive the 

wire and shoot melted material onto the substrate (steel), air compressor, which is used to 

accelerate the melted material out of the spray gun, blasting pot, which is used for garnet space 

when blasting preparation is performed and lastly the thermal arc spray machine, which is 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 feeding into the arc before being accelerated out of the spray gun on to the target 

metal. An example of the spray gun can be seen in Figure 7 below. 
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Figure 7. Arc thermal spraying process [45]. 

Naturally, before any coating can be applied to a substrate, the surface must be cleaned so that no 

under-coat corrosion occurs [31][45]. For this technique the surface of the substrate is usually blasted 

with ñcompressed air abrasive blastingò. A method that is effective for cleaning at the mill-scale 

level and preparing the surface for good adhesion of the thermally applied coating. The cleaning 

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

impurities [45]. 

For bridges both thermal spraying and hot dip galvanisation techniques are popular in applying 

the primer of the coating to the steel structure. This is usually as bridges have a Zinc-rich primer 

as well as a multi-layered paint system [46]. 

 

1.6.3:Metal Primers 

The primer is the last line of defence when it comes to protecting the metal itself and should, 

therefore, be chemically compatible with both the metal surface and the rest of the paint system. 

For example, zinc and aluminium are commonly used primers in highly corrosive environments 

protecting steel structures. This because iron (Fe) has a higher electronegativity potential than 

zinc (Zn) and aluminium (Al) ï leading to the latter sacrifice themselves by providing a higher 

electronic potential, hence protecting the steel. This is the main reason that they are both used as 

primers [30][31][32][33]. 

Out of these two metals, zinc is still the most preferred as a primer for steel structure in corrosive 

environments. As well as it being a sacrificial metal for steel it also forms dense and, adherent 

corrosion by-products making the rate of corrosion a lot slower than if it was the steel itself 

corroding (anywhere between 10-100 times slower depending on the environment). The zinc 

corrosion products develop naturally on the surface into something known as zinc patina [33][34]. 

Zinc patina begins when zinc metal corrodes and forms both zinc oxide and zinc hydroxide, which 

then later reacts with carbon dioxide into zinc 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 of the zinc 

metal. Zinc carbonate will corrode very slowly and has a grey colour to it protecting the pure zinc 

metal underneath. The corrosion protection of zinc depends heavily on this layer being formed 

[34]. It is important to not that, while paint will easily adhere to the surface of pure zinc and zinc 

carbonate it will not adhere to zinc oxide or zinc hydroxide [44]. This is known as a metallic primer. 

The lifetime of the sacrificial metal is down to the thickness of the coating [35]. 

 

1.6.4:Paint systems 

There are different types of paint systems. The one shown in Figure 3 is an epoxy/urethane paint 

system. Other paint systems include air drying paints. An example would be an alkyd. These 

materials will dry by absorbing oxygen from the atmosphere giving a very low film thickness. 

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

resistance [31]. 

Another type of primer relies heavily on the high adhesion and chemical properties of the binding 

agent and usually two-steps of epoxy coating are applied in this method.  These primers rely on a 

very thoroughly cleaned surface to prevent any under-rusting causing mechanical breaks, zinc 

phosphate is an example of a preferred corrosion inhibiting pigment is used in this method as part 

of the primer formulation. 

Other chemical resistant paints are usually acrylated rubber and vinyls. These materials harden 

through solvent evaporation into a thin film. There is no oxidative process involved in the forming 

of the film. These can be applied as moderately thick films; however, retention of the solvent can 

be a problem when a greater thickness is applied. The film is relatively soft and has relatively 

poor solvent resistance but good chemical resistance. Table 3 shows how effective the different 

compounds are at corrosion resistance. 

Two- component resistance systems often involve epoxy and urethane. These two 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 the 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 chemical resistance [31][51].  
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Table 3. Main generic types of paint and their properties [51]. 

 

1.6.5:Pre-Fabrication Paint Primers 

Pre-fabricated paint primers are referred to as blast primers, as they are usually applied to the steel 

just after an abrasive blasting cleaning process, designed to prevent any corrosion from occurring 

before painting. They can be classified under the 4 main 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 two pack formats, with 

the two-pack format being the better for corrosion resistance. 

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

Pigmented with inhibitive and non-inhibitive pigments. zinc phosphate is the most 

commonly used and give the best protection out of the group.  

3. Zinc epoxy primer: these can be categorised into zinc rich and reduced zinc types. Zinc 

rich epoxy primers produce films that contain 80% zinc powder and reduced zinc, which 

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

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

overcoating. During weld all zinc epoxy primer will produce zinc oxide which is toxic.  

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

protection. They also suffer the same drawbacks as zinc salts, and zinc oxide formation 

during welding. However, they are more expensive to use as well as less convenient than 

zinc/epoxy primers [31][51]. 
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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 oxygen and water [42]. Usually sealers will have 

a low viscosity allowing good penetration through the 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 thermal spraying technique sealing should always be the second process to prevent 

corrosion as in some cases ï if stored in a damp place ï can adopt the appearance of a dark 

corrosion substrate on the metal [35][47]. 

As seen in Figure 3 epoxy is a commonly used sealing agent. This sealer fills in the pores of the 

metal primer and creates an inert barrier between the outside atmosphere and the metal. In a 

polymer metal interface, the epoxy metal-oxide system the hydrogen bonding is key. The epoxide 

will have weak bonding with pure metal but with metal oxide the hydrogen bonds make it a much 

more viable sealer. Pure epoxy resin seals the holes in the zinc primer. On top of this epoxy layer 

is the intermediate layer of epoxy and micaceous iron. This is a compound with strong bonding 

due to hydrogen bonding. The structure of epoxy and urethane can be seen below in Figure 8 

[31][48][49]. 

 

 

 

(a) 

 

(b) 

Figure 8. The structures of epoxy resin(a) and urethane(b) [49]. 

 

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 

eroded. 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 metal. With systems 

like this maintenance is very simple, if the galvanised steel has not been reached and corroded 

then there is a simple top-up of the paint coating used to protect the galvanised steel [50]. 
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1.6.7:The Top coat 

Looking at polyurethane as a topcoat to go with the example coating as seen in Figure 3 [31]. This 

is also a very relevant topcoat to look at as it is part of the two-pack paint coating along with 

epoxy resin to provide the best protection [51][53]. As the Port of Dover is a highly polluted marine 

environment this is the currently recommended paint system. Polyurethane is a heat reflection top 

coat with good tensile strength, tear strength and abrasion resistance properties. This means much 

less coating weight, low temperature flexibility, fair gas permeability, good handling properties, 

and good weatherability and ozone resistance properties. However, pure polyurethane when 

exposed to a highly aggressive environment, UV radiation, thermal exposure and oxidative 

atmosphere it will degrade. Some antiaging agents are therefore, usually added to the polymer [54]. 

An example being nano zinc oxide which is used to increase stability against UV radiation [55].  

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 chain causing the formation of free radicals 

[56][57]. Polyurethane is an excellent top coat in an anti-corrosion coating, due to its many properties 

and when mixed with other compounds good UV resistance can be achieved, protecting the rest 

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

available [53]. 

 

 

 

 

 

 

 

 

 

 

 

 

 



25 | P a g e 
 

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 structure must take into 

account a lot of factors, including how the alloy would work in the intended environment to avoid 

mistakes of application [58]. For example, an alloy might not retain the same properties at different 

temperatures, and other drastic environmental changes such as the change in sulfur concentration. 

This has a massive impact on the possibility of stress cracking corrosion (SCC), which can be 

fatal to the structure [59]. 

 

One of the reasons why coatings are not the only form of protection is for example; for bridges 

the alloy used in the construction of the bridge can be made corrosion resistant. In the case of the 

most aggressive environment, C5, a duplex alloy can be used which does not require a coating. A 

duplex stainless-steel alloy is an alloy that has a mixed microstructure where it contains roughly 

equal proportions of ferrite and austenite (steel with various microstructures). These kinds of 

alloys have a range of grades with varying corrosion resistance properties, depending on their 

alloy content. There is even the term ñsuper-duplexò, which refers to the higher end alloys with 

greater varied elemental composition, used for high performance duplex stainless steel. With its 

high chromium content, super duplex steel has brilliant resistance to acids, acid chlorides, caustic 

solutions and in other environments; often replacing nickel-based alloys 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 the interstitial solid solution mechanism, raising the yield strength 

and ultimate strength values without sacrificing the toughness of the alloy. 

Additionally, the two-phase microstructure gives higher resistance to pitting and stress cracking 

corrosion when compared to stainless steels [60,61]. 
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Table 4. List of duplex stainless-steel grades as covered in the ASTM (American Society for 

Testing and Materials) [61]. 

 

Table 4 shows what elements are present in the duplex stainless-steel grades [61]. This information 

will be used to 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, this is done during 

casting when the metals are in liquid phase. For example, for electrical wiring copper is the main 

constituent, the solvent, any other additional elements are called solutes. There is a limit  to how 

much solute can be added to the solvent, this is known as the solubility limit. This limit can be 

increased with the 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 case the solute 

atoms replace some atoms in the solvent material, this interrupts dislocations in the crystal lattice. 

Making the mixed material stronger, requiring more stress 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, these are referred 

to as intestices.  

This has the same effect as the substitutional solution, where the solute stops the dislocation of 

atoms in the crystal lattice, providing more strength to the structure, which would require more 

energy to break and move atoms [62]. 

 

To summaries a ñsuper-duplexò system with the addition of chromium, molybdenum, nickel and 

nitrogen, would provide excellent protection against corrosion. A two-phase micro-structured 

alloy, as mentioned previously, increases the resistance to pitting and stress cracking corrosion. 

An alloy with these attributes and the recommended coating system would be enough for a C5 

corrosive environment.  
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Chapter 2:Method 

2.1:Analytical Techniques 

 

2.1.1:Scanning Electron Microscope and Energy Dispersive X-ray (SEM/EDX) 

This combination of Scanning Electron Microscope and Energy Dispersive X-rays (SEM/EDX) 

have, in this thesis been used to determine the elemental composition of the corrosion products 

as well as morphologies of the analyzed corrosion products. The aim is to determine the overall 

damage mechanism, its specific form, and origin of corrosion, which lead to failure of the 

structure. 

 

Scanning Electron Microscope (SEM) uses secondary and backscattered electron detectors. SEM 

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 high magnifications(nanoscale). In depth visual inspection has been 

used to aid in characterizing the type and severity of corrosion in the many samples.  

 

 In combination with elemental analysis, using Energy Dispersive X-ray (EDX). The elemental 

make-up of the samples can be determined, this information can be used to find the corrosion 

products that are present. The identification of the original chemical composition of the metal, 

with the environmental pollutants present can be used to aid the investigation of the corrosion 

process [63][64].  

 

According to the Rutherford-Bohr model electrons orbit a positive nucleus and the number of 

electrons is equal to that of the number of protons in the atom. With increasing atomic number 

(Z) 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 the quantum number (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 9 illustrates the positioning of these shells in the atom. 

 

When the sample is hit with the electron beam, it hits an electron in 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 photon being given off in the form of a characteristic X-ray. An excellent 

example of this is as shown below in Figure 9. 
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Figure 9. X-ray generation process, the electron beam hits an electron at position 1. Leaving 

behind a hole that electron at position 2 moves down to fill, generating element specific x-ray [84]. 

 

The intensity of these X-rays are categorized by using the subscript of alpha (Ŭ) and beta (ɓ) with 

alpha being the more intense peak, as beta represents forbidden transition as seen in Figure 10 

below. The energy of the X-ray is measured in electron volts (eV). The energies of interest being 

in-between 1-10keV range [85]. 
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Figure 10. Energy level diagram for silver (Ag) showing the transmission lines for K and L [85].  

 

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 identify unknown elements in a sample. An example of an EDX spectrum is shown in 

Figure 11 [85]. 

 

Figure 11. An example of an EDX spectrum [63]. 
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Figure 11 an example of an EDX spectrum. The X-ray given off has a unique energy for every 

element, allowing for elemental analysis of the sample [65]. 

 

2.1.2:X-ray Diffraction (XRD)  

X-Ray Diffraction (XRD) is a powerful technique, which is used to identify the chemical 

compounds. In this project XRD has been used to identify corrosion products in the samples. This 

is a non-destructive technique that identifies phases in a solid which can be used to characterize 

a sample with long-range order. In this case the samples originate from the elevated bridge. The 

most common type of XRD is powder diffraction. Every compound has 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 samples [86].  

 

The unique diffraction pattern is explained by Braggôs law, which states that when a beam of X-

rays hits parallel planes of atoms in a crystal there is a particular angle that will allow for the 

reflection of the incident X-ray beam. In powder XRD this angle is measured as 2—. Bragg 

determined that the process of diffraction was due to lattice planes within the crystal. Each plane 

acted as a semi-transparent mirror where the bombarding X-ray would be reflected and any X-

ray that made it through a plane would be reflected from subsequent planes. 

Braggs law states that when diffraction occurs, when the following equation is met: 

 

ὲ‗ ςὨίὭὲ— 

Equation 6. Braggs law [70]. 

 

Where the wavelengths of the incident rays (ɚ), the angle between the incident/reflected crystal 

plane (—), the distance between he crystal planes (Ὠ and (ὲ) which is an integer. The most 

significant point of Braggôs 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. 

 

 

Figure 12. Braggs Law, a representation of path difference with ὨίὭὲ— [70]. 
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The waves can be either destructive or constructive which produces the diffraction pattern 

detected by XRD. Braggôs law calculates the wavelength of waves from the scattered X-rays that 

hit the atoms in the lattice. The wavelength can tell the atomic distances in a molecule [70]. 

 

For the experimental setup of an X-ray diffractor meter there are two main components the x-ray 

source and the detector. The source will be a metal and a filament inside an evacuated tube, the 

filament emits the electron beam, which is accelerated towards the metal. The beam will knock 

core electrons out of their shells allowing for transition to occur from higher shells, filling the 

holes and giving off X-rays as the electrons drop down in energy. This characteristic X-ray 

radiation is then used to list the samples. The X-rays when hitting the sample will interact with 

the compounds according to Braggôs law (Equation 6), generating the unique diffraction pattern 

which can be detected and compared with compounds in the database.   

 

There are a lot of variables involved during the process of corrosion product formation, these are: 

temperature, pH, pressure and dissolved gases can all affect what types of compounds are formed. 

This analytical technique can be used to ñback trackò the corrosion process and identify the cause 

of the corrosion [66-70][86]. 

 

2.1.3:Raman 

Raman is advantageous in the use of analyzing corrosion products as the technique itself requires 

little to no sample preparation and is quick to obtain spectra 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 materials, such as, the pantry system and carbon-based corrosion products. 

 

When the light ï electromagnetic radiation- passes through a transparent medium it scatters. The 

visible wavelength of small fractions of light scattered by molecules are different from the 

incident beam and these ñshiftsò depend on the chemical composition of the molecules that caused 

the scattering. This is also known as Rayleigh scattering (elastic scattering). Raman scattering 

(inelastic scattering), are when a change in polarization has occurred in the system. With this 

radiation different chemical bonds will interact, making it a good technique for identifying 

different functional groups. Raman spectroscopy is a good technique for the studying of metallic 

surfaces, containing coatings and corrosion products as they are both organic and disordered. 

Raman analysis is not only a non-destructive technique but also the spectra is not affected by the 

presence of water [71-74].  
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Figure 13. Schematic picture of a Raman spectrometer [87]. 

 

As seen in Figure 13 the Raman spectrometer uses a laser or monochromatic light to excite the 

electron in the functional group. The light will then scatter from passing through a beam splitter 

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

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

reflected beam. This is mainly Rayleigh scattering and the spectrograph is for selecting the 

favorable wavelength that is being measured [88]. In 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 this occasion the bridge was 

photographed and areas of concerns where identified for further sample collection. 

 

The first collection was on the 4th of December 2017, lasting a day. The weather conditions on 

the day where showing high humidity and heavy precipitation. Temperatures at the site where 

around 4oC. 

 

The second sample collection was undertaken on 11th June 2018 which also lasted for a day. The 

weather at the time was a dry but hot 24oC.  

There is heavy precipitation at the Port of Dover, coming from vehicles and the sea spray, with 

constant wind exposure from the north east to the west. This creates a 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 and the main road network outside of the port as seen in Figure 14. 

 

2.2.1:Sample Collection of the Old Part of the Bridge 

The first sample collection was from the old part of the bridge, metal was visibly peeling off the 

structure. The weather condition where dry and cold. The areas sampled from where decided 

based on where the mobile elevating work platform (MEWP) could access, and what the Port of 

Dover authorities could close off without disturbing the continuous traffic. Taking access 

restrictions and all relative information into due consideration, five 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 three samples taken from each sample site, each 

sample was sealed in an airtight plastic bag and labelled according to the sample site and what 

area within that site the sample came from (area A,B,C). The personal protective equipment (PPE) 

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

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

third analysis.  
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2.2.2:Sample Collection 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 lot of discoloring, but the rust was not as severe at the old part of the bridge and it was 

difficult to obtain enough for analysis. The 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 sampled, two sample sites where 

identified in each area. Three samples were taken from each sample site using a camera for visual 

analysis. An ice scraper was, again used to collect the physical sample and air tight plastic bags 

with labels were used to catalogue and store each sample. The 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 Rigaku Miniflex 6th generation XRD. The sample 

preparation was as follows: a sample holder was cleaned using water and ethanol; a thin layer of 

vaseline was then applied to the sample holder in order to keep the powdered sample from 

dispersing in the machine; in order to get a powdered sample a small quantity of sample was taken 

and crushed into a powdered form using a mortar and pedestal and placed in the sample holder. 

The measuring time was 11 hours at a steadily rising temperature from 20-80oC at an angle of 2—. 

 

2.2.4:Sample Preparation for Raman Analysis 

The machine used for analysis of the samples was the Horibu Jobin Yuan model. There was no 

sample preparation for Raman analysis however, an aluminum stub was used in order to reduce 

fluorescence. The stub was cleaned with acetone before and after use. The measuring time was 

10mins per sample, using the red laser at wavelength nm with a count intensity of 40000 between 

Raman shift of 0-2000cm-1. 

 

2.2.5:Sample Preparation for SEM Analysis 

The SEM/EDX machine used was the Hitachi S3700N Scanning Electron Microscope. Sample 

preparation required powdering and drying of the samples before mounting the samples. Carbon 

sticky pads where used with aluminum 15mm stubs to measure the initial samples. however, this 

method shows carbon as always being present in the samples 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 12minutes with 36 points of analysis in a grid fashion for elemental 

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

Plastic sample bottles where used with Milli-q (ultra-pure) water in order to get the pH and 

conductivity of the samples, using Hanna pH and conductivity meters. A piece of sample is added 

to the solution and left overnight before being tested with a pH meter and conductivity meter. 
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Chapter 3:Results 

 

Figure 14. All the sample sites and sample areas on the elevated bridge. 
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3.1:Area 1 

3.1.1:Sample 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 sampling heavy discolouring was observed 

under the metal. Figure 15 below shows before and after sampling. 

 

 

 

 

 

 

 

 

 

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

 

The extent of corrosion is not graded as severe but, it is obvious that corrosion has taken place. 

At this site the paint layer is still visible. Hence corrosion appears to have taken place beneath the 

coating itself. This type of corrosion is referred to as, under-rusting, when the corrosion takes 

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 underneath. 

Appendix 1 shows the severity of the corrosion on the bridge. This 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) 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. SEM images of samples 1A, 1B and 1C. 

 

The SEM images can be seen in Figure 16, the EDX analysis determined that the samples 

contained the following elements; chlorine, carbon, calcium, titanium, iron, sodium, zinc, silicon, 

sulfur, magnesium, barium, potassium and manganese. Only samples 1A and 1C contained 

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

 

By analysing the Raman spectrums as seen in Figure 17 it was found that sample site 1 contains 

organic compounds that have mainly carbon and sulfur present. The samples taken from sample 

site 1 have very similar peaks at 215cm-1(CSC), 270cm-1(CCl/CCl3) and 380cm-1(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 ~1200cm-1 which is characteristic for 

isothiocyanates(N=C=S). There is a shoulder in sample 1A which might be the peak observed in 

samples 1B and 1C at ~600cm-1(C-S). This can either be aliphatic sulfides and disulphates or 

covalent sulphates and sulphonic acids(anhydrous). However, seeing as both sulfides and 

sulphates are present in the sample, they are both overlapping, being represented by the peak at 

~600cm-1. 

Having identified these organic compounds it was also established that in the EDX and Raman 

analysis both sulfur and chlorine compounds are present. These are both known for being 

corrosive elements. These show that carbon particulates are being deposited onto the underside 

of the bridge from vehiclesô fuel (mainly diesel), forming these organic compounds on the surface 

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

compounds that are lightly corrosive. 
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pH and Conductivity 

Sample Site Sample pH Conductivity(ɛS)  

1 

A 6.31 172 

B 6.77 35 

C 4.3 132 

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

 

The pH shows that sample site 1C is quite acidic with a pH of 4.3. The conductivity values show 

that there are indeed electrochemical reactions occurring, there is more conductivity in samples 

1A and 1C suggesting a lush content of cations and anions in the corrosion products.  

 

X-Ray Diffraction (XRD)  

 

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

 

The steel corrosion products are coloured red in Table 6, where the iron in the alloy has corroded 

by reacting with sulfur, carbon, phosphorus and silicon compounds. The most typical product is 

iron oxide where iron reacts with water and oxygen to return to its original iron oxide state.  

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 Potassium Nitrite Iron Carbide

Potassium Cyanide Potassium Nitrate Potassium Carbon Oxide

Potassium Nitrate Sodium Sulfate Potassium Nitrate

Potassium Sulfate Sodium Sulfide Phosphorus Oxide

Sodium Chlorate Calcium Silicide Sodium Phosphate

Sodium Sulfate Calcium Carbide Sodium Sulfate

Sodium Nitrate 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 CarbonateTitanium Nitride

Molybdenum CarbideManganese Silicate Manganese Oxide

Barium Sulfate Barium Sulfate Barium Chloride

Barium Sulfide Barium Carbonate Cerium Silicide
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The compounds listed in blue fonts are salts made from basic and acidic compounds reacting with 

each other, the zinc salts are made from the primer (purple fonts) used in the coating for the steel. 

Salt forms an ion bridge, which 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 up from. Silicon and calcium carbonate come from the Dover 

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 and as catalysts in fuels, these have 

probably run down from the top of bridge in humid environmental conditions and have been 

trapped in the thin film reacting with other compounds.  

There are a lot of sulfur, nitrate and chloride salts present at sample site 1. This increases 

conductivity and the corrosion rate of the bridge. 
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3.1.2:Sample Site 2 

Sample site 2 is in area 1 which is directly above the car park as seen in Figure 14. 

 

 

 

 

 

 

 

 

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

 

The corrosion here is not very severe (in Figure 18) but there is visible corrosion, which has 

occurred beneath the coating. In both Figure 18A and B the paint is peeling away from the steel. 

The types of corrosion visually observed are filiform, due to the raised lumps, uniform corrosion 

underneath the coating of the steel and exfoliation, which occurs parallel to the surface and along 

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

 

 

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

 

Figure 19 shows the SEM images for the sample site 2. The following elements were detected 

using EDX: chlorine, cerium, iron, sulfur, zinc, aluminium, titanium, magnesium, calcium, 

carbon, potassium, silicon and sodium. Samples 2A and 2B also contain phosphorus, samples 2B 

and 2C also contain barium, molybdenum and manganese. 
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Raman 
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Figure 20. Raman analysis of samples from sample site 2. 

 

All the Raman spectra for the samples taken at sample site 2 are as shown in Figure 20. The 

samples are different from each other. There are only a few similarities at ~210cm-1 and ~275cm-

1 characterised by carbon sulfur and carbon chloride compounds in samples 2A and C. The 

exception being sample 2B.  

Sample 2A has the most defined spectrum out of the three samples, all the organic compounds 

identified contain carbon. These compounds are: saturated aliphatic acid chlorides (Cl=C=O) at 

420cm-1, primary thioamides at 491cm-1, saturated aliphatic acid chlorides (CCl/CCl2) at 628cm-

1, mono and disulphonyl chlorides (C-S) at 671cm-1, alkyl isothiocyanates (NCS) at 1022cm-1. At 

~1161cm-1 there is a broad peak, hence isothiocyanates(N=C=S) and aliphatic amines (C-N) could 

be present. Lastly, at 1426cm-1 there are thiocyanates (N=C=O). 

Sample 2B is very similar with the difference of having phenols (OH) present at 1342cm-1 and 

aromatic acid salts (ὅὕ) at 1581cm-1. The differences in Sample 2C form the rest of the samples 

are amides at 380cm-1 and tertiary thioamides (NCS) at 582cm-1. 

The carbon along with the nitrogen and sulfur originates from car exhausts in the form of carbon 

particulates, sulphoxides SOx and nitroxides NOx. The chlorine is coming from the sea spray and 

together with the pollution from the vehicles, is forming acidic compounds in a carbon rich layer 

on the underside of the bridge. 
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pH and Conductivity 

Sample Site Sample pH Conductivity(ɛS)  

2 

A 4.61 41 

B 6.2 60 

C 5.57 87 

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

 

This sample site all shows low pH in the range between 5 and 6 as illustrated in Table 7. This 

correlates with the acid chlorides detected by the Raman spectroscopy. The conductivity is low 

compared to sample site 1. Correlating with the observation that the rate of corrosion is slower in 

sample site 2 than sample site 1. 

 

X-Ray Diffraction (XRD)  

 

Table 8. Compounds Identified by the XRD for each sample in sample site 2. 

 

 

 

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 Carbonate

Sodium Silicate Sodium Sulfate Silicon Oxide

Magnesium CarbonateSodium 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 CarbonateMolybdenum 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
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Following the colour coding system in Table 8, red is iron corrosion products, blue is salts, purple 

is zinc corrosion products, brown is corrosion products to do with aluminium and titanium metals, 

green is for the compounds that are from the steel alloy, the black compounds are minerals, heavy 

element and organic compounds. All 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 2C. The origin of these salts are from the sea spray, and atmospheric pollution will 

result in the deposits of these salts.  

There are a lot of mineral and catalyst compounds with heavy elements. These reactants will have 

originated from cars fumes and the cliffs of Dover. The primer, zinc has not formed any zinc salts 

in any of these samples, which decreases some deposition when compared to sample 1. This may 

be an explanation for why the conductivity difference between the two sites is so different. 

There are, however, 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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3.1.3:Sample Site 3 

Sample site 3 is in area 1 which is directly above the car park as seen in Figure 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 beam is corrosion caused by deposited pollution that has eaten away the 

coating as seen in picture A above. There is very clear exfoliation, filiform and intergranular 

corrosion in Figure 21A, Figure 21B show that the coating has failed resulting in uniform 

corrosion on the steel beneath which is a brittle dark red colour. The loss 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) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22.SEM of samples taken from sample site 3. 

 

The analysis from the SEM/EDX as shown in Figure 22 above contained the following elements: 

silicon, carbon, sulfur, chlorine, iron, barium, titanium, calcium, magnesium, manganese and 

zinc. Sample 3A additionally contained aluminium, potassium, phosphorus, sodium, bromine and 

cerium. Sample 3B also contained molybdenum, phosphorus, sodium, tellurium and aluminium. 

Sample 3C additionally contained cerium. 
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Raman 

 

 

 



53 | P a g e 
 

 

Figure 23. Raman analysis of samples from sample site 3. 

 

Raman spectrums in Figure 23, similarly to the other sample sites showed peaks attributing to 

CSCôs and CCl/CCl3 are common compounds, samples 3B and 3C also have sulphoxides(CSO) 

at ~380cm-1. At a ~400cm-1 sample 3A had a larger, almost double peak hence the aliphatic 

disulfides (S-S) interpretation. The raman shift ~600cm-1 was identified as aliphatic sulfides and 

disulfides (C-S) for samples 3A and 3B. All the samples at ~1180cm-1 contain isothiocyantes 

(N=C=S). Sample 3A then contains another two additional peaks, at 1325cm-1 phenols (OH) and 

at 1580cm-1aromatic acid salts (ὅὕ). 

There are a lot 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 a by-product, from the electrochemical process of water 

being turned into hydroxide ions. 
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pH and Conductivity 

Sample Site Sample pH Conductivity(ɛS)  

3 

A 4.85 136 

B 6.11 95 

C 6.3 44 

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

 

The pH is acidic in sample site 3 as shown in Table 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 therefore proposed to be in-between sample sites 1 and 2. However, the 

high levels of carbon, nitrogen and sulfur compounds in this site are evidence of severe corrosion. 

 

X-Ray Diffraction (XRD)  

 

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

 

 

All the samples contain corrosion products of steel (listed in red font). However, it is only sample 

3A showing iron oxide which is linked to rust. Instead these samples are associated with the 

Sample 3A Sample 3B Sample 3C

Iron Carbide Iron Oxide Iron Carbide

Iron Phosphate Iron 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 SilicateMagnesium Carbonate Silicon Oxide

Calcium Silicide Magnesium Nitride Silicon Sulfide

Calcium CarbonateCalcium 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 Oxide

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
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formation of iron carbides, which might originate from carbon particles from diesel exhausts. This 

shows the steel structures are undergoing degradation, as seen in Table 10. There a lot less salts 

than the other two sample sites and as can be seen from the pH and conductivity table above in 

table 5, the less salts present the lower the conductivity which in turn means the slower the rate 

of corrosion. 

There are, however, more alloy compounds in the samples from sample site 3 indications of more 

heavy elements, originating from catalysts and car fumes. This is supported by a high level of 

iron carbides. 
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3.1.4:Sample Site 4 

Sample site 4 is located above the car park in sample area 1 as shown in Figure 14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 way across it. 

Picture A shows that the visible corrosion is not very severe before sampling but, the bolts are 

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 have caused the coating on the bolts 

to come loose. Underneath the coating there is obvious uniform corrosion of the steel underneath.  
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Scanning Electron Microscope (SEM) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. SEM analysis of samples from sample site 4. 

 

The following elements were detected by the SEM/EDX seen in Figure 25 for sample site 4: 

carbon, zinc, chlorine, titanium, iron, magnesium, silicon, sulfur, calcium and sodium. Sample 

4A also contained manganese, aluminium and potassium. Sample 4B additionally contained, 

aluminium, copper, arsenic, barium, lead and phosphorus. Sample 4C also contained, cerium, 

barium, phosphorus, manganese and potassium. 
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Raman 

 

 



59 | P a g e 
 

 

Figure 26. Raman analysis of samples taken from sample site 4. 

 

Raman spectrum shown in Figure 26 suggests sample 4A and Sample 4C have essentially the 

same spectrum with isothiocyanates(N=C=S), carbon sulfur and carbon chloride compounds. 

Sample 4B has a very different spectrum, the spectrum itself is showing a lot of noise and 

interference. This is the reason that the lower peaks have still been interpreted as CSC and 

CCl/CCl3. Raman shift ~280cm-1 is a shoulder of a peak and is not very defined, identifying it as 

a saturated aliphatic acid chloride (Cl=C=O). The clear peak at 434cm-1 was identified as 

secondary aliphatic amines (CNC), at 610cm-1 tertiary thioamides (NCS), at 940cm-1 saturated 

primary and secondary nitro compounds (C-N). Lastly at 1185cm-1 and 1597cm-1 there are the 

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

No major changes 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. 
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pH and Conductivity 

Sample Site Sample pH Conductivity(ɛS)  

4 

A 5.75 294 

B 5.52 406 

C 5.5 156 

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

 

The pH in all samples are about pH5.5, as seen in Table 11. The conductivity is higher in this 

sample site than the others. The rate of corrosion in this sample site is expected to be higher 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)  

 

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

 

All the samples from sample site 4 contain iron oxides, 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 more zinc salts in sample site 4 compared to the other sample sites in area 1.  

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 CarbonatePotassium Nitrite

Calcium Aluminum Oxide Calcium Carbonate Potassium Sulfide

Calcium Aluminum Oxide SulfateCalcium Nitride Sodium Sulfate

Calcium Iron Oxide Calcium Phosphate Magnesium Carbide

Silicon Oxide Calcium Silicate Magnesium Silicate

Zinc Silicate Calcium Carbide Calcium Chloride

Zinc Sulfate Silicon Carbide Calcium Carbonate

Zinc Oxide Sulfate Zinc Oxide Calcium Phosphate

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 Silicate

Barium Silicate Titanium Sulfide

Titanium Oxide
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Sample 4A has a similar Raman spectrum to the other sites in area 1 containing carbon, sulfur 

and nitrogen organic compounds. This sample also has the second highest conductivity out of all 

the samples in area 1, possibly due to the zinc products as seen in the XRD Table 12.  

Sample 4B has the highest conductivity of all the samples in area 1. This sample is associated 

with heavier elements such as lead, arsenic, barium with the addition of copper. Sample 4C 

despite having the most salts have the lowest conductivity and the most alloy corrosion products.  

Sample 4B contains some toxic heavy elements such as, arsenic and lead compounds. The origins 

of both these elements is unknown but, might originate from fuels and paint protectors. 
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3.2:Area 2 

3.2.1:Sample Site 5 

Sample site 5 is located above the workshop side of the security gate in area 2 as shown in Figure 

14. 

 

 

 

 

 

 

 

Figure 27. Before(A) sampling and after(B) sampling of sample site 5. 

 

The types of corrosion that can be observed at sample site 5 is filiform, intergranular (exfoliation) 

and underneath the coating which is visible in Figure 27 A some uniform corrosion of the steel. 

Sample site 5 does not have any severe corrosion but is still discoloured 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 elements were detected using the SEM/EDX (Figure 28), for all the samples from 

sample site 5; carbon, magnesium, silicon, chlorine, calcium, sodium, iron, zinc, sulfur and 

titanium. Sample 5A also contained phosphorus, molybdenum and manganese. Sample 5B 

additionally had copper, phosphorus and cerium. Sample 5C only had one other element present, 

which was cerium.  

 

 

 

 

 

 

 

 

5A 5B 

5C 



64 | P a g e 
 

Raman 

 

 

 

 



65 | P a g e 
 

 

Figure 29. Raman analysis of samples from sample site 5. 

 

The spectrum for samples 5A and 5B is very similar, unfortunately for sample 5C there is a lot of 

fluorescence interference and only three peaks could be roughly identified as seen in Figure 29. 

Sample 5A contains the same compounds as mentioned for the samples in area 1, the difference 

being that sample 5A also contains secondary thioamides (NCS) at ~596cm-1. This sample also 

contains nitroamines (NO2) at ~1294cm-1.  Sample 5C has saturated aliphatic chlorides (Cl=C=O) 

at 325cm-1, aliphatic sulfides and disulfides (C-S) at 671cm-1 and isothiocyanates at 1188cm-1. 

There is no large difference from the other Raman spectra observed on the bridge so far. The only 

new identification is sample 5A at 1294cm-1, nitroamines (NO2). 
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Sample Site Sample pH Conductivity(ɛS)  

5 

A 5.94 75 

B 6.29 92 

C 6.01 366 

Table 13. The pH and conductivity for samples from sample site 5. 

Sample site 5 is acidic as shown in Table 13, but, has very poor conductivity in the first two 

samples. Sample 5C instead has the highest conductivity. This suggests that the large bare strip 

of metal as seen above in Figure 27, picture B is undergoing a high rate of corrosion when 

compared to the rest of sample site 5. 

 

X-Ray Diffraction (XRD)  

 

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 zinc corrosion products present in all samples, with only sample 

5A containing molybdenum and manganese corrosion products, which will have come from the 

steel alloy.  

Sample 5A Sample 5B Sample 5C

Iron Sulfate Iron Oxide Hydroxide Iron Oxide

Iron Phosphate Iron Oxide Iron Silicate

Iron Molybdenum CarbideIron Sulfide Iron Sulfide

Sulfur Nitride Sodium Oxalate Iron Silicon Carbide

Sodium Chlorate HydrateMagnesium Iron 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 HydrateCalcium 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 Hydrazine

Glutamic acid Titanium Sulfide Zinc Sulfate

L-Aspartic acid Copper Phosphate Zinc Oxide

Aniline hydrochloride Cerium Carbide Titanium Oxide

Heptadecylcyclohexane Ammonium Chlorate Cerium Carbide

Octachlorodibenzofuran Ammonium Nitrate
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There is no aluminium present but there is at least one corrosion product of titanium, which will 

have come from the steel alloy. Samples 5B and C contain heavier elements (cerium), with sample 

B having a copper corrosion product. Both samples though have ammonium compounds, sample 

5B contains ammonium chlorate, which is when ammonia and chlorine react 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 (NH2NH2), glutamic acid is made up of two carboxyl groups and 

an amino group, aspartic acid also contains a carboxyl group with the 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 series of carbons arranged in a ring like structure containing chlorine 

functional groups [80].  

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 of the many organic compounds indicates that the carbon particulates are 

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

Sample site is located very close to sample site 5 as shown in Figure 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 A and B in Figure 

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 corrosion that 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 clearly been corroded, uniform corrosion. 
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Scanning Electron Microscope (SEM) 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 31. SEM analysis of sample site 6. 

 

Figure 31 shows the SEM images for sample site 6. The following elements were detected in all 

the samples for sample site 6: carbon, magnesium, chlorine, zinc, iron, calcium, titanium, sulfur, 

sodium, silicon. Sample 6A also contains phosphorus, potassium and aluminium. Sample 6B 

additionally contains aluminium and manganese. Sample 6C also contains aluminium, barium 

and manganese. 
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Raman 
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Figure 32. Raman analysis of sample from sample site 6. 

 

Raman spectrum in Figure 32 shows that sample site 6 contains sulfur and chloride compounds. 

Sample 6A and C are similar with the differences being that sample 6C has thiocyanates (CSC) 

at ~550cm-1 and aliphatic sulfides and disulfides (C-S) at ~670cm-1. Compared to sample 6A 

having secondary thioamides (NCS) at 584cm-1. The differences between sample 6B and the other 

sample is the aliphatic acid chloride (Cl=C=O) at ~380cm-1 and isothiocyanates (N=C=S) at 

~1188cm-1. Samples 6A and C have methyl sulphones(SO2) at ~1290cm-1. 

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

thiocyanates (CSC) and the methyl sulphones(SO2), additional evidence of sulfur and nitryl 

compounds. 
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pH and Conductivity 

Sample Site Sample pH Conductivity(ɛS)  

6 

A 8.93 213 

B 7.61 266 

C 8.45 323 

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

 

As seen in Table 15 sample site 6 has an overall basic pH 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 a lot of sulfur and chloride compounds 

identified in the Raman above and if there are a lot of basic compounds then there will be more 

salts formed. 

 

X-Ray Diffraction (XRD)  

 

Table 16. XRD analysis of samples form sample site 6. 

 

 

 

Sample 6A Sample 6B Sample 6C

Iron Oxide Iron Oxide Sulfur Oxide

Iron Oxide HydroxideIron Sulfate Sodium Iron Oxide

Iron Phosphate Sodium Oxalate Sodium Carbonate

Iron Silicate Sodium Sulfide Sodium Sulfate

Potassium Oxide Magnesium Sulfate Magnesium Iron Silicate

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 eicosahydrateAmmonium Thiocyanate
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As seen in Table 16 samples 6A and B both contain iron corrosion products, which 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 from 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 barium which 

has reacted with the metal, minerals from the cliffs and chlorine from the sea. Sample 6Bôs 

interesting compounds that are different from the other samples are; hydrogen sulphate, which is 

an ion of sulfuric acid, aminodiacetic acid is another acid that has been made in the thin film, and 

methanol eicosahydrate, which 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 nitrogen-based groups and metal corrosion products. 
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3.2.3:Sample Site 7 

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

road, as seen in Figure 14. 

  

 

 

 

 

 

 

 

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

 

The corrosion at this sample site is not severe, even though it might look like it. It is just 

decolourised and stained as seen in Figure 33. The types of corrosion that can be seen from both 

pictures is: filiform, intergranular and uniform. This sample site does, however, look as if cracking 

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 carrion has been concluded 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 Electron Microscope (SEM) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. SEM analysis of sample site 7. 

 

Figure 34 shows the SEM images for sample site 7. The EDX detected the following elements in 

all the samples: carbon, silicon, chlorine, manganese, calcium, sulfur, titanium, iron, zinc, sodium 

and magnesium, Sample 7A also contained cerium, barium, potassium, phosphorus and 

aluminium. Sample 7B additionally contained barium and bromine while sample 7C also 

contained aluminium and potassium. 
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Raman
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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 site 7. Samples 7B and 7C 

have spectrum, which have already been previously discussed containing compounds that are 

made up of mainly carbon, sulfur, nitrogen and chlorine. Sample 7A is the different spectrum for 

this sample site containing: aliphatic acid chlorides(Cl=C=O) at 423cm-1, aliphatic 

chloroformates(CCl) at 491cm-1, tertiary thioamides(NCS) at 584cm-1, aliphatic sulfides and 

disulfides (C-S) at 676cm-1, phosphorus to hydrogen bonding (P-H) at 1025cm-1, 

isothiocyanates(N=C=S) at ~1188cm-1, methyl sulphones (SO2) at ~1290cm-1 and lastly aromatic 

acid salts (ὅὕ) at ~1550cm-1. 

The sharpest peak in sample 7A is the phosphorus to hydrogen bond, which has not been seen in 

other sample site containing phosphorus. Another new peak was at ~1550cm-1, which has been 

identified as being aromatic acid salts. This is evidence that there is a corrosive environment and 

that carbon is helping with the deposition as aromaticity is usually from benzene ring made up of 

carbon.  

 

 

 

 

 


