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1. [bookmark: _Toc4991287]Introduction (Jordan)
This report details an investigation into the corrosion of stainless steels in marine environments. Firstly, the team conducted research, which can be categorised into 4 topic areas;
· The grades of stainless steel.
· Mechanisms of corrosion in a marine environment.
· Environmental factors affecting corrosion.
· Physical factors affecting corrosion.
To support the research, an experiment was carried out to investigate the effects of prohesion on two stainless steel samples, quickly however, the team realised that although the test methodology is a standardised method of accelerated corrosion testing, it didn’t replicate the conditions of a marine environment fully. As such the team devised a new test method, in the aim of more closely replicating a marine scenario.
[bookmark: _Toc4991288]Project organisation
The allocation of roles and tasks is outlined below;
2

James Gregory
· Research pitting corrosion. 
· Surface treatments and finishing processes.
· Salinity in marine environments.
· Topside zone analysis.
· Experimental Procedure.
William Arthure
· Research intergranular, cavitation and erosion corrosion.
· Grades of 316 Stainless Steel and Applications.
· Water flow rates in Marine environments.
· Tidal zone analysis.
Ashley Morris
· Effects of crevice corrosion.
· Water temperature in marine environments.
· Submersion zone analysis.
· Experimental lead for experiment 1

Jordan Ross Jenkins 
· Case study Background research.
· Crevice corrosion.
· Oxygenation in marine environments.
· Splash zone Analysis.
· Experimental lead for experiment 2.
Thought out the project the team kept a close eye on timing and deadlines, the team created a Gantt chart in order to visualise what tasks needed to be completed and by when (see appendix 1). The team also took minutes of each meeting as a record of the progression of the project (see appendix 2).
[bookmark: _Toc4991289]Case study (Jordan)
According to the National Association corrosion engineers, corrosion accounts for around £2 trillion of damage to assets annually, with £1.1 billion attributed to the oil and gas industry alone (NACE, 2016). The estimated annual cost of retrospective replacement of fasnters such as nuts, bolts and screws ranges between £150,000-250,000 per platform per year (Surface Technology, 2019). Aswell as the monetry cost, the risk of  injury in the oil and gas industry is much greater than that of other industries. A Riddor report conducted by the health and safety executive found that even though the industry has beocme safer in recent years, there is still an injury rate of 282 / 100,000 employiees in oil and gas, 196 danagerous occurences  reported and as many as 914 non-compliance issues raised (HSE, 2017).[bookmark: _Toc4982296][bookmark: _Hlk4982647][bookmark: _Hlk4982648][bookmark: _Hlk4982649][bookmark: _Hlk4982650][bookmark: _Hlk4982651][bookmark: _Hlk4982652][bookmark: _Hlk4982653][bookmark: _Hlk4982654][bookmark: _Hlk4982659][bookmark: _Hlk4982660][bookmark: _Hlk4982661][bookmark: _Hlk4982662]Figure 1 Tartan Alpha Oil Rig, North Sea (OilRig Photos, 1994)

Tartan Alpha (Figure 1), Owned by Repsol Sinopec Oil & Gas, is situated 116 miles North East of the coast of Aberdeen, in the North Sea. The platform, erected in 1979, comprises of a 4-legged support structure. The support structure is constructed from steel, with a zinc phosphate coating. 
During a CVI (Close Visual Inspection) maintenance procedure in 2011, a serious structural failure (Figure 2) was identified in the support structure immediately above the wave line. The Failure of the structure is attributed to splash zone corrosion.
The then owners of the rig Talisman Energy was issued with a non-compliance notice by the HSE and as such, had to cease operations between 2011-12 in order conduct repairs on the structure, as well as general maintenance of the pipework and storage tanks. The cost of ceasing operations for this time likely run into hundreds of millions of pounds according to the institute of operational safety (IoSH , 2018). Although the maintenance was extremely costly, it was also beneficial, as the institute of petroleum engineers explain in a paper presented at the at the Offshore Europe conference, the overall platform efficiency was 60% in 2010, raising to 90% in the first half of 2013.[bookmark: _Toc4982297][bookmark: _Hlk4982737]Figure 2 Severe Corrosion of Tartan Alpha Support Structure (Axiom, 2011)

Modern offshore constructions avoid the use of non stainless steels according to Steve McBride of Offshore Engineering & Equipment. As shown in figure 2, even barrier coated steels are susceptible to corrosion in a marine environment. McBride explains that the most commonly used material is 316 stainless steel, with M06 and super duplex also emerging as highly corrosion resistant alternatives. McBride attributes a high molybdenum content as the main factor in corrosion prevention in stainless steels (McBride, 2014).
2. [bookmark: _Toc4991290]Research
[bookmark: _Toc4991291]What is Stainless Steel? (Ashley)
Stainless steel is an iron containing alloy. Stainless steel is made up of two or more chemical elements. There are more than fifty-seven recognised types of stainless steel (MadeHow, 2019).  The elements that stainless steel contain are; iron ore, chromium, silicon, nickel, carbon, nitrogen, and manganese. The properties dependent on the mixture of the materials (MadeHow, 2019). 
The material is first melted together in an electric furnace. This requires eight to twelve hours under intense heat. When the molten is finished, the steel is cast into semi-finished forms. These can include; rods, slabs, billets, blooms and tube rounds. The semi-finished steel goes through forming operations, this begins with hot rolling, in which the steel has been heated and passed through rolls (MadeHow, 2019). From the semi-finished formed steel, certain types of stainless steel can be made, for example, blooms and billets are made into bar and wire (figure 3), slabs are made into plate, sheet and strip (figure 4) (MadeHow, 2019). [bookmark: _Hlk4983005]Figure 4 Moulding Process (MadeHow, 2019)


[bookmark: _Toc4982298]Figure 3 melting process (MadeHow, 2019)Figure 4 moulding process (MadeHow, 2019)

[bookmark: _Hlk4982925]Figure 3 Melting Process (MadeHow, 2019)

Once the stainless steel is formed, the steel in most cases will then go through an annealing process. Annealing is a process where steel is heat treated, this occurs by first heating the steel up and then cooling the steel back down. This is done under controlled conditions (MadeHow, 2019). This softens the material and relieves the internal stresses. Certain steels are heat treated for higher strength. The type of heat treatment all depends on the type of steel that is being made. Whether it is martensitic, austenitic or ferritic (MadeHow, 2019). 
However, annealing causes a build-up of scale to form on top of the steel. This scale can be removed using several processes. This process is known as descaling. Pickling is one of the methods used to remove scale from stainless steel. This removal method involves using a nitric-hydrofluoric acid bath to descale the steel (MadeHow, 2019). Another possible method of removing the scale is electro cleaning, electro cleaning is when an electric current is applied to the surface of the cathode and phosphoric acid, and this removes the scale (MadeHow, 2019).  The annealing and descaling steps occur at different stages, depending on the type of steel being made. For example, bar and wire go through further steps after the initial rolling period before being annealed and descaled. Whereas strip and sheet are first initially annealed and descaled down immediately after being hot rolled. After cold rolling the sheet and strip stainless steel it is then annealed and descaled again. The sheet and strip steel is then prepared one more time before being descaled again to make the steels final form (MadeHow, 2019). 
The stainless steel then needs to be cut into the correct size. There are a variety of ways that the stainless steel can be cut. These include; circle shearing by using circular knives at the horizontal and vertical positions, straight shearing using guillotine knives, sawing using high speed steel blades, blanking, and nibbling. Blanking uses metal punches and dies to punch out the shape by shearing. Nibbling is a process of cutting by blanking out a number of holes, this type of cutting is extremely useful for irregular shapes (MadeHow, 2019).
A smooth surface is obtained by polishing the stainless steel this also provides better resistance to corrosion. To either grind or polish stainless steel, the use of grinding wheels or abrasive belts are used.  After the stainless steel has been made in its various forms it is then packed and shipped off to the fabricator or another user who may use other processes on the material to get their desired effect on the stainless steel. The material can be further shaped by a number of methods, such as; roll forming, press forming, forging, press drawing and extrusion.  Other additional processes may be required these include, further heat treating, cleaning and machining processing to finish producing material at its desired attainment  (MadeHow, 2019). 





[bookmark: _Toc4991292]Stainless Steel Grades, Manufacturing Processes and applications (William)
Stainless steel is primarily made up of a crystallised iron atom with the addition of added materials for different variations which give benefits for a number of applications. Iron can exist in a number of crystalline structures, depending on how it was created. Ferrite, austenite and martensite are examples of irons crystal structure, found in different types of stainless steel. The difference between these crystal structures is the level of carbon content. A greater carbon content usually makes steel harder but more brittle. 
Molten iron is not crystalline, the structure comes when the material cools down. (Greenwood magnetics, 2019)
Ferritic steels are made up of ferrite crystals which is a form of iron which contains a very small amount of carbon. These steels are magnetic. 
Austenitic steels contain austenite, a form of iron which can absorb more carbon than ferrite. Austenite is created by heating ferrite to 900 degrees Celsius. This transforms it from a body centred cubic crystal to a face centred cubic crystal structure. This means it can absorb up to 2% carbon, rather than 0.025%. These steel grades are non-magnetic and therefore have the advantage of being able to be used in cases where a non-magnetic, corrosion resistant material is needed. (Ackroyd, 2019)
Very basic stainless steel grades have ferritic structures and have low levels of chromium. However, the most common stainless steels are austenitic and have higher levels of chromium and also added nickel and molybdenum. 

Type 304 stainless steel
304 is a basic alloy of stainless steel which contains a minimum of 18% chromium and 8% nickel, combined with a maximum of 0.08% carbon. Stainless steel 304 is an austenite steel and is only slightly reactive to magnetic fields. 
The hardening process for 304 stainless steel is a cold working process which allows the material to obtain a higher tensile strength. 
The level of carbon content provides corrosion and oxidisation resistance. 
304 is resistant to most oxidising acids and rusting, it is not resistant to tarnishing.
Tarnishing is the discolouring of a piece of metal due to a small layer of corrosion on the surface.
It is resistant to sterilising products and foodstuffs which makes it a good material for making kitchen utilities, which is 304 steels main application. Some of these applications include sinks, table tops, refrigerators and cooking appliances like pots and pans. 
304 stainless steel is also used in some cases in the marine environment due to its slightly higher strength than type 316. It can be used for some nuts, bolts and screws. It is also used for some springs, cogs and other pieces which are susceptible to wear and corrosion at the same time. (Bosun , 2019)

Type 316/316L stainless steel
Type 316 stainless steel is often used for more severe conditions that require a higher corrosion resistance that 304 can offer. Type 316 shares some of the same properties as type 304, for example they are both non-magnetic and nonhardenable. It shares the same level of carbon with a slightly higher level of nickel at 10-14% and also the added effect of containing 3% molybdenum. It is negligibly responsive to magnetic fields which means that it is often used in cases where non-magnetic metals are required. (Bell, 2019)
Molybdenum increases resistance to corrosion which makes this type of stainless steel more suitable for marine applications. For example, off shore wind turbines or oil rigs. 316L is another form of 316 stainless steel which has a lower carbon content. 316L is almost exactly the same in every other way, regarding cost, durability and corrosion resistance. However, it is more suitable to cases where welding is required. Type 316 stainless steel is prone to decay when welding whereas 316L is less liable to decay. (Steel technology , 2016)
Applications of 316:
· Exhaust manifolds
· Furnace parts
· Heat exchangers
· Jet engine parts
· Pharmaceutical equipment
· Parts that are exposed to marine environments
Applications of 316L: 
· Harsh marine environments 
· Industrial applications which require welding 
· High chloride environments
2507 “super duplex steel”
Duplex 2507 is a super duplex stainless steel with 25% chromium, 4% molybdenum, and 7% nickel designed for demanding applications which require exceptional strength and corrosion resistance, such as chemical process, petrochemical, and seawater equipment. 
Duplex stainless steels are being more commonly used in recent years. They are being provided by major stainless-steel mills for the following reasons:
· They have a higher tensile strength which leads to the ability to save weight
· They have a greater resistance to corrosion – especially stress corrosion cracking
·  Has a good price stability
Duplex stainless steel has acquired its name as it has a two-phase microstructure which consists of grains of 50% ferritic and 50% austenitic stainless steel.  This means that this type of steel has a very good resistance to stress cracking and display better toughness compared to ferritic stainless steels. 
As well as other stainless steels, duplex stainless steels change in level of corrosion resistance depending on their grade, 2507 has a high level of corrosion resistance and is a popular choice for off shore structures. This alloy is designed for applications which require exceptional strength and corrosion resistance; examples include applications in chemical processing, petrochemical, and seawater equipment. (Brisitsh stainless steel association, 2018)
Applications: 
· Oil and gas industry equipment
· Offshore platforms, heat exchangers, process and service water systems, fire-fighting systems, injection and ballast water systems
· Chemical process industries, heat exchangers, vessels, and piping
· Desalination plants, high pressure RO-plant and seawater piping
· Mechanical and structural components, high strength, corrosion-resistant parts.
[bookmark: _Toc4991293]Stainless steel surface treatments (James)
Electropolishing
Electropolishing is an electrochemical process used to smoothen, polish, deburr and clean a metals surface, usually stainless steel (304, 316 and 400 series), by removing microscopic amounts of material from the workpiece. The process is primarily used to condition the surface of the part rather than to passivate it and is used for parts or components which require very smooth and lustrous mirror finishes. Because the process is used to remove surface material and contaminants, parts made from stainless steel develop better corrosion resistance properties as well as improved micro finish which reduces product adhesion and contamination build-up (Magee & Mohr, 2007). 
Electropolishing works by submerging a metal part in an electrolyte which is subjected to a direct current (DC). The metal part becomes the anode and another metal used, usually, 316L stainless steel or copper becomes the cathode. The direct current then flows from the anode, thus becoming polarised and allowing metal ions to diffuse to the cathode, in turn, controlling the rate at which metal is removed. The rate at which metal is removed is dependent on the tank used, temperature, density and the alloy being electropolished. Generally, on stainless steel, 0.0127 mm of metal is removed in 1,500 amp-minutes per metre. Advantages of this process compared to traditional finishing processes such as burnishing or grinding are: metals possessing better corrosion resistance and passivity, hygienically clean surfaces, no hydrogen embrittlement, reduced annealing steps, stress relief of the surface and oxides are removed (Hensel, 2001).
[bookmark: _Toc4982299][bookmark: _Hlk4983071]Figure 5 Electropolishing process (Kopeliovich, 2013)




Passivation (nitric acid)
The surface state of stainless steel is a critical factor in determining the susceptibility of localised corrosion in a given environment. When stainless steel is produced it goes through a fabrication process whereby nitric acid is applied to remove surface contaminants such as mild steel particles and iron-based compounds as well as passivating the surface. Although stainless steel naturally develops a passive layer due to the reaction between the chromium in the metal and oxygen in the air which results in chromium oxide (Cr2O3), the process is slow and can be interrupted by chemicals in the environment as well as on the surface. Consequently, nitric acid treatment which is referred to as ‘super-passivation’ enhances the natural passive layer, enriching the chromium content and decreasing the surface roughness rustling in an increase of corrosion resistance against pitting and crevice corrosion (Noh, et al., 2000).
The complete process of passivating stainless steel consists of five steps, which are: mechanical cleaning, degreasing, inspection, immersion or spraying of the metal and finally a rinsing. Mechanical cleaning involves utilising methods such as chipping, brushing, grinding and blasting which are used for various of reasons, to name a few: reducing the risk of stress cracking, removal of heat tints, weld defects, weld slag etc. Degreasing is the process whereby grease, fingerprints, oils such as extreme-pressure (EP) additives and other organic contaminants are completely removed before passivating otherwise any lubrication left on the surface will block the acid and oxygen from reaching the metal. An inspection will then take place to examine whether the residual organic contaminants were removed during the degreasing stage. This will be done by a water-break test which involves applying water to the surface of the metal, if the water ‘breaks’ then there is a possible there is still lubricant on the metal. The metal is then immersed or sprayed in a large vessel containing nitric acid (HNO3) for about 30 minutes and then finally, once the metal has been taken out it is rinsed thoroughly with water (Maller, 1998). 
According to the (Cental Electropolishing Company, 2014) The advantages of using this process are: it creates an oxide layer which increases the corrosion resistance against pitting and crevice. The acidic solution helps to smoothen out the grain boundaries and releasing the iron deposits within them to reduce the risk of rust. Finally, the passivation produces a thicker naturally occurring passive layer, therefore, making it more difficult for it to breakdown and cause corrosion.
Pickling
Pickling is a surface treatment applied to stainless steel to eliminate surface impurities such burr, oil contamination and an oxide scales, such as rust and stains which has formed through the machining and annealing. As a result, this causes the metal to become undesirable for processes such as assembly and welding. Pickling is an efficient method to use for chemically removing surface oxides by immersing the metals into an acid solution (Izzati, et al., 2016). The process works by removing a thin surface layer from the metal, using an acid solution, usually hydrofluoric acid which is heated to around 20-60°C. For the method to be effective the stainless steel needs to be clean from oils and greases. The process will remove any embedded iron contamination, heat tint and weld scale which will result in a dull matt uniform grey finish. If over-pickling occurs, it will result in the metal having a rough surface due to excessive temperatures of the solution (Bornmyr & Holmberg, 1995). According to (MPE Limited, 2018) the advantages of using the pickling method on stainless steel are: it can dissolve thermal oxides after welding and annealing, it provides a chemically clean and uniform finish and removes surface contaminants as well as passivating and chemically cleaning the surface of the metal.



[bookmark: _Toc4991294]Coatings Used in Marine Environments (Jordan)
Coatings are applied to both steels and stainless steels in marine environments to further protect them from corrosion, the type of coating used depends on a number of factors;
· The Environmental conditions; salinity, temperature etc.
· The intended life cycle of the component.
· The application, what physical factors affect the corrosion of this component?
· The cost of using the selected coating.
According to the journal of coatings by Rachna Jain et al., Marine grade coatings can be split into 3 main categories; Barrier, inhibitive and sacrificial coatings (Jain et al., 2014)
Barrier coatings 
Barrier coatings are usually painted on, and fully coat the exposed surfaces of the component, as such Barrier coating form a layer over the component stopping the corrosive elements (salt water) contacting the stainless-steel surface. A commonly used barrier coating Is polyurethane coating. The coating is painted on after the components is manufactured, but before it is used in its application. When set the coating offers an extremely durable coating for many years.

Benefits 
· Extremely durable for many years, good protection against salt water and UV.
· Simplistic application.
· Damaged coatings can be removed and reapplied.

Limitations 
· Difficult to reapply once submerged.
· Once the coating is compromised, it may actually increase the corrosion rate.
· Difficult to remove compromised coatings.

Inhibitive coatings 
Inhibitive coatings work by forming a passive layer over the top of the surface of the component, this passive layer, according to the US Research and Development Office, aims to slow down or stop the rate of corrosion by reacting with the corrosive elements more readily than steel (United States Research and Development Office , 2017). A popular inhibitive coating used in the oil and gas industry is zinc Phosphate coating, this is the same coating as used on Tartan alpha Shown in figure 2.

Benefits 
· Effective means of corrosion prevention 
· Anti-galling properties prevents adhesion of organic matter, as well as prevents damage to coatings due to abrasion.
· Can be used in combination with other coatings to offer ultimate corrosion protection.


Limitations
· Must be applied during the manufacture of the component.
· Corrosion protection decreases exponentially with time. Short lifespan of 30 years.
· Damaged coatings are difficult to repair.
· Must be used as a topcoat to offer good protection.
Sacrificial coatings
Sacrificial coatings are normally metallic, zinc platting or galvanisation are among the most commonly used sacrificial coatings in marine engineering. Sacrificial coatings protect the base metal by slowly dissolving over time releasing electrons in the corrosive reaction between the coating itself and the corrosive element (seawater), in this sense the coating is a sacrificial anode. The free electrons flow to the base metal making it the cathode, this is a form of cathodic protection.
Benefits 
· Dissolution of zinc happens very slowly so the protective life of the coating can exceed 40 years.
· Protection increases in electrolytic environments.
Limitations 
· Sacrificial coatings must be applied at the manufacturing stage of the component.
· Compromised coatings cannot be repaired easily.
· High initial cost compared with both barrier and inhibitive coatings.
· Can cause galvanic corrosion with dissimilar metals such as copper and brass.
· Doesn’t work well in high temperature.
[bookmark: _Toc4991295]Corrosion Mechanisms of Stainless Steel
[bookmark: _Toc4991296]Pitting corrosion (James)
Pitting is a form of localised corrosion whereby small volumes of metal are removed causing holes or pits to appear on a materials surface. This form of corrosion can be destructive to engineering structures if it causes perforation of the material and is considered to be more dangerous than uniform corrosion because of the difficultly to detect and predict where it will occur and how it can be prevented. As a result, pitting can often result in sudden, unexpected failures (Smith, 1993). Pitting tends to occur in situations where the passive (oxide) layer has become weakened as a result of mechanical or chemical damage to the material. In addition, stagnant or slow-moving liquids can also cause pitting to occur due to interaction between the bacteria in the water and various metals resulting in microbiological influenced corrosion. In some cases, pitting is the first step in initiating crevice or poultice corrosion (Roberge, 2008).
[image: Corrosion of 316 stainless steel tubing.]










[bookmark: _Toc4982300][bookmark: _Hlk4983169]Figure 6 Pitting Corrosion of Stainless Steel Tubing (Offshore magazine, 2013)

Mechanisms of pitting corrosion 
Pitting forms in areas where there are defects in a metals surface. The occurrence of these pits are often microscopic in nature and cannot be detected by field-level inspection devices (Heidersbach, 2011). For structural steels immersed in seawater, pitting can initiate instantly. The resulting pits can vary as shown in t figure 7 below and the maximum depth of these pits can significantly increase over time due to the initial exposure of the environment, which may last from months to years, depending on the water temperature (Chaves & Melchers, 2011). According to (Bhandari, et al., 2015) pitting is initiated and propagated by the following contributing factors:
· Localised chemical or mechanical damage to the passive layer.
· Factors such as acidity, low dissolved oxygen concentrations and high chloride concentrations can cause breakdown of the passive layer, therefore making it less stable and resulting in pit initiation.
· Poor application of, or localised damage to a protection coating.
· Presence of impurities or grain boundaries in the metal structure, including, non-metallic inclusions.
[image: https://www.gibsonstainless.com/images/Types%20of%20Pitting.png]









[bookmark: _Toc4982301][bookmark: _Hlk4983292]Figure 7 Standard Visual Chart for Determining the Type of Pitting (Gibson Stainless & Specialty Inc., 2017)





According to (Kopeliovich, 2015), explained below is the chemistry behind the growth of pitting corrosion in stainless steel which is in contact with salt water. This is also illustrated by figure 8 below. 
Anodic reaction takes place inside the pit:
[bookmark: _Toc4980689]          Equation 1
Oxidation occurs, electrons are given up by the anode and travel to the cathode where electrons are discharged in a reduction process:
          Equation 2
As a result of these reactions, the electrolyte inside the pit becomes positively charged and attracts negative chlorine Cl ions, increasing the acidity of the electrolyte. Compared to the electrolyte surrounding the pit which becomes negatively charge:
[bookmark: _Toc4980691]          Equation 3
The pH of the electrolyte inside the pit decreases causing an increase of acidity from 6 to 2-3, resulting in further acceleration of corrosion. The bigger the ratio between the anode and cathode areas the more likely of increase in corrosion. Corrosion (Fe(OH)3) forms around the pit resulting in further separation of the electrolyte.

[bookmark: _Hlk4983396]Figure 8 Diagram Illustrating Pitting Corrosion of Stainless Steel (Kopeliovich, 2015)












Preventing pitting corrosion
Although it is mentioned above that pitting is difficult to prevent, according to (Harkin, 2017) there are tools and techniques used, if they are imposed early enough, can significantly slow down the rate of corrosion, these are:
· Proper selection of materials during the design phase with a consideration of environmental conditions the material will be exposed to, such as: temperature, humidity, salinity, contact with liquids etc.
· Applying appropriate anti-corrosive coatings, there are three types of coatings which can be applied: barrier, inhibitive or sacrificial. 
· Control of environmental conditions to an extent, such as pH, temperature and chloride concentrations in indoor locations.
[bookmark: _Toc4991297] Crevice corrosion (Ashley)
Crevice corrosion is the corrosion that appears in the gap between two metals or a metal and a non-metallic material. The damage that crevice corrosion can cause usually appears on one of the metals and around surface where the two materials meet. The reason why crevice corrosion happens is due to the difference in concentration of some chemical constituents, this is usually oxygen. Outside the crevice the oxygen content and the PH levels are risen but the chlorides are lower (Corrosionpedia, 2018). There are certain factors that affect crevice corrosion, these include; crevice type for example, metal to metal or metal to non-metal, crevice geometry such as gap size, surface roughness and depth, the material can also affect the corrosion, whether it is an alloy or composition and structure. The environment that the material is under can increase the corrosion, such things like PH number, halide ions, oxygen and temperature (Corrosionpedia, 2018).
[bookmark: _Toc4991298]Mechanisms for crevice corrosion (Jordan)
As mentioned above, crevice corrosion (Figure 9) is a form of localised corrosion that occurs between cracks and crevices in the mating surfaces of metallic components, both similar and dissimilar metals are affected by crevice corrosion. Crevice corrosion occurs due to the differential in the aeration of the electrolytic solution within and surrounding the crevice (Roberge, 2009). Crevice corrosion is particularly dangerous as it is more difficult to detect due to its very nature, it occurs in obscured surfaces, which may not be seen with visual inspection.[bookmark: _Hlk4983549]Figure 9 Example of Crevice Corrosion Between Mating Surfaces. (National Association of Corrosion Engineers , 2016)

[bookmark: _Toc4982302]Figure 14 Schematic of the crevice corrosion process (Substech, 2018)Figure 15 Example of crevice corrosion Between Mating surfaces.

Crevice corrosion is an oxygen-reduction (redox) reaction, its reaction rate can vary from 10 through 100 times that of uniform corrosion (Salam, 2015). Crevice corrosion is particularly common if sulfate, bromide or chloride ions are present in the electrolytic solution. Chloride ions are particularly abundant in sea water with up to 20,000 parts per million (SADCO, 2017). As mentioned above, the protection of raw stainless steel is reliant on the passive layer that forms over the outside of the stainless steel surface, the chromium within the steel reacts with atmospheric oxygen to form a protective chromium oxide layer, according to the national association of corrosion engineers, metals that form a passive oxide layer are particularly vulnerable to crevice corrosion. (National Association of Corrosion Engineers , 2016)
The electrochemical process of crevice corrosion according to (kopeliovich, 2015) and shown in figure 10, is explained below:
The Anodic reaction that occurs in crevice corrosion is similar to the aforementioned pitting reaction:

Free electrons flow from the anode (stainless steel) to the cathode (Passive Chromium oxide layer). The electrons are then discharged into the electrolyte in the following cathodic reaction:

The electrolyte trapped in the crevice becomes positively charged due to the above reaction, the electrolyte surrounding the crevice has a negative charge.

The above reaction is due to the Positiveness of the electrolyte trapped in the crevice. The positively charged electrolyte attracts negatively charged chlorine ions Cl-, causing a PH drop (increased acidity) inside the crevice, further accelerating corrosion. 
[image: crevice_corrosion.png]The corrosion product formed in the crevice is Fe(OH)3  .Figure 10 Schematic of the crevice corrosion process (Substech, 2018)

In summary, 
1. Anodic reaction results in an increase of Fe2+ concentration in the crevice, causing the trapped electrolyte to become positively charged. 
2. Cathodic reaction causes the electrolyte surrounding the crevice to become negatively charged.
3. Negatively charged chloride and Hydroxide ions outside of the crevice diffuse into the gap, attracted by the positively charged Fe2+ ions.
4. Interaction between the hydroxide and chloride ions creates a hydrochloric solution, decreasing the PH in the crevice.
5. Increased corrosion rate, corrosion product Fe(OH)3  forms in the crevice.
Preventing Crevice corrosion 
According to (Bates, 1972), crevice corrosion is difficult to control in chlorine rich environments, and as such, crevice corrosion greatly effects the use of stainless steels in chlorine rich media, however there are techniques used to help prevent or decrease the rate of crevice corrosion in marine environments, these include;
· Weld components instead of using bolts and rivets.
· Avoid pockets or overlapping sections by design, where possible.
· Impressed current Cathodic protection.
· Corrosion inhibiting coatings.                                                         (Substech, 2018)
[bookmark: _Toc4991299]Galvanic corrosion (James)
[image: Galvanic Corrosion Protection and Prevention in Harsh Environments]Galvanic corrosion (also called bimetallic corrosion) is an electrochemical process whereby a potential difference is produced when two dissimilar metals are coupled together while exposed to an electrolyte (Callister Jr, 1993). The corrosion occurs as a result of the electrical contact between the dissimilar metals in which the anodic metal corrodes due to an oxidation process and the cathodic metal remains unaffected as a result of the reduction process. Galvanic corrosion can also be caused by any situation which alters the electrochemical potential, for instance, a change in temperature and chemicals in the environment. In order for galvanic corrosion to occur, the anode and cathode must both be in contact and exposed to a continuous electrolytic environment such as water and wet soil (Heidersbach, 2011). Typically, a galvanic series is used to determine which metals are least likely to undergo galvanic corrosion (Corrosionpedia, 2017).Figure 11: Manifestation of galvanic corrosion on a mild steel plate which has been mounted with stainless steel bolts (Phil, 2013)

The electrochemical (galvanic) series
The galvanic series, shown in figure 12, is a list of metals and alloys that have been ranked in order of their electrochemical voltage and tendency to corrode when exposed to a marine environment. If any two metals listed are coupled together when immersed in an electrolyte they will form a voltaic cell which is just a chemical reaction to produce electrical energy. This reaction causes the anode (reactive metal) to corrode faster due to the atoms forming into ions and loss of electrons (oxidation), while the cathode (noble metal) gains the electrons (reduction), thus slowing down the rate of corrosion or even remaining unaffected. An example of this would be; zinc with a voltage range of -0.98 to -1.03 V (an average of -1.005 V), was coupled with titanium alloys with an average voltage of 0.005 V. The galvanic series indicates that zinc will be the anode, and the voltage difference between the two metals will be -1.01 V. This means that the voltage difference determines the corrosion rate of the anode (Dexter, 1958). A typical rule of thumb when trying to reduce the risk of galvanic corrosion is; the further apart the metals are in the table, the greater risk of galvanic corrosion due to a greater potential difference between the two metals (Higgins & Bolton, 2006). 
Figure 12: Galvanic series chart (Dexter, 1958)


[bookmark: _Toc4982303]Figure 21 Galvanic corrosion risk chart (StructX, 2019)Figure 22: Galvanic series chart (Dexter, 1958)
















The chart below is a useful tool in terms of selecting compatible metals to reduce or eliminate the risk of galvanic corrosion. The green zone is an indication that the corrosion potential between two metals are negligible and the red zone indicates there is a risk of galvanic corrosion and should be avoided (StructX, 2019)
[bookmark: _Toc4982304]Figure 13 Galvanic corrosion risk chart (StructX, 2019)

[bookmark: _Toc4982305]Figure 24 Diagram showing the quantities of sea salts in a kilogram of sea water (Lentz, 2010)Figure 25 Galvanic corrosion risk chart (StructX, 2019)








Electrochemical cell theory
According to (Tavakkolizadeh & Saadatmanesh, 2001), in order for the corrosion to occur there needs to be four components in place: the anode, cathode, electrolyte and the electric current. If there is an absence of just one of these components, then the corrosion reaction will discontinue. Below is a brief description of these components.
Anode: is the metal which experiences corrosion. The anode undergoes an oxidation reaction whereby it loses electrons and the metal becomes ionised. Resulting in the ions entering the electrolytic solution and the electrons leaving through the electric current:
[bookmark: _Toc4980692]          Equation 1
Cathode: is the metal which attracts the electrons from the anode. A reduction reaction occurs resulting in the electrons being consumed by the cathode. Such reaction can subsequently form a passive layer (2), reduce oxygen (3) content or development of hydrogen (4):
          Equation 2
[bookmark: _Toc4980694]          Equation 3
[bookmark: _Toc4980695]          Equation 4
Electrolyte: the solution which provides sufficient conductivity for transferring the ions. Examples of electrolytes include, sodium, potassium, chloride, calcium and phosphate.
Electric current: the current provides the connection needed between the anode and cathode for the corrosion to take place.

The environment
According to (O'Dea, et al., 2015), the environment can also have an effect on the rate at which galvanic corrosion occurs. It has been found that the composition, pH and electrical conductivity of water all play a significant role in influencing the intensity and distribution of galvanic corrosion. A correlation was found between the severity of corrosion and the electrical conductivity: as the electrical conductivity of water increases, the severity of corrosion also increases as a result of the aggressive chloride, acid or alkali ions present which breakdown the passive layer on a metals surface, therefore increasing the rate of corrosion.

Preventing galvanic corrosion
According to (Kane, 2017), from extensive research over the years the best practices for reducing or eliminating the risk of galvanic corrosion are:
· Selecting metals/alloys that are close together in the galvanic series.
· Use cathodic metals which have a smaller area than the anodic metal.
· Electrically insulate the dissimilar metals, for example, using a non-absorbent insulation such as polypropylene tap.
· Apply appropriate coatings to the cathode such as barrier, inhibitive or sacrificial coatings.
· Avoid the use of threaded joints which are far apart in the galvanic series.
[bookmark: _Toc4991300]Intergranular corrosion (William)
[image: ]The microstructure of metals is made up of grains which are separated by grain boundaries. Intergranular corrosion is an attack on the grain boundaries of the metal, leaving most of the grain untouched. Precipitation can produce zones of reduced corrosion resistance. The grains can be seen in figure 14 and figure 15 and are what make up type 304 stainless steel. Figure 15 is showing the grains sensitised structure which is susceptible to intergranular corrosion. (Nace, 2016)Figure 14 (Schulz, 2018)

[image: ]The top image is a normalised microstructure and the bottom image shows the sensitised structure.
Sensitisation is another term for the precipitation of carbides, this often occurs I the temperature range 550-850 degrees Celsius. For example, when welding. The chromium in the steel is depleted leaving the remaining metal in the boundary vulnerable to corrosion. In this environment, the grains in the alloy become very reactive and as a result of this, intergranular corrosion occurs. The grain boundary is corroded and in most cases this will lead to the grain falling out. (Schulz, 2018)Figure 15  (Schulz, 2018)

There are several different ways to combat intergranular corrosion and attempt to minimise it, some examples include:
· Heat treating, also called annealing. This is where the metal is heated to a temperature of around 1200 degrees Celsius and then cooled. Which, in turn, strengthens the grain boundaries.
· Reducing the carbon content in the steel, hence the term low carbon steel such as 304L and 316L. This has insufficient carbon for carbide precipitation and can be used in cases where welding is required. If the material reaches an elevated temperature when in service or during welding it shouldn’t become sensitised. 
Materials with less than 0.05% carbon usually have sufficient resistance against intergranular corrosion after welding. Steels such as 316L which is low carbon and has a max carbon content of 0.030% and a main content of 0.016% which is very low. This means that it has a very good resistance to intergranular corrosion. (Sandvik, 2018)
Due to us looking at 316L stainless steel in our project which has a much lower carbon content meaning that it will not be susceptible to intergranular corrosion. 

[bookmark: _Toc4991301]Cavitation corrosion (William)
This is a form of erosion corrosion caused by gas bubbles which implode on contact with the metals surface, usually connected with sudden pressure changes in the fluids hydrodynamics parameters, such as in submerged propellers or turbine blades. In low pressure areas, gas bubbles can be produced. When these bubbles are shifted to high pressure areas, they collapse and produce pressure waves, which can erode protective films and lead to increased levels of corrosion in the underlaying metal. 
Cavitation can take place when liquids moves rapidly through openings and constrictions, such as when the opening changes size in a pipeline. The change in the inside diameter of a pipe or hole causes a change in pressure which causes bubbles to form. This form of corrosion is unlikely to happen in the splash zone of an oil rig as it is mainly an issue when water is flowing through pipes and past propellers at high velocity. It could apply to a water pumping application aboard the oil rig however, so this form of corrosion is still an issue. (Corporate, 2017)
Figure 16 (Bai, 2014)












This diagram shows the cavitation bubble collapsing on impact with the surface of the metal. In the diagram it can be seen that the temperature spreads around the point of impact and eats away at the metal surface. In the case of mild steel, a protective layer would be worn away by this, revealing the metal underneath. Type 316 stainless steel is highly corrosion resistant throughout the material, which means if it were to be worn down due to cavitation it would still not corrode.
														


[bookmark: _Toc4991302]Erosion corrosion (William)
Erosion corrosion is an acceleration in the rate of corrosion due to the motion of a corrosive fluid and a metal surface. For example, this would usually be found in cases where high flow rate of corrosive liquid is in contact with metal at tube inlet ends or pump impellers. 
Cavitation corrosion is a form of erosion corrosion, caused by water bubbles produced by a high-speed impeller, which then collapse and cause pits in the metal. 
High rate of flow combined with the corrosive action of a fluid such as salt water in the sea, causes accelerated loss of metal. Protective films on metal or coatings can be removed which leaves bare metal free to corrode. 
This can be reduced by 
· Smoothing the metal surface to reduce turbulence
· Slowing fluid velocity
· Using more corrosion resistant materials 
· Using cathodic protection 
· Using metals like nickel, titanium or stainless steel.
[image: Image result for erosion corrosion diagram]Water moving rapidly through piping can contain entrained air bubbles and suspended matter, sand, or other hard particulates. These abrasive particles remove natural protective oxide films present on the surface of the metal and cause general corrosion of the exposed metal. (Corr, 2017)Figure 17 (Sharma, 2016)



[bookmark: _Toc4982306]Figure 30 (Sharma, 2016)



The diagram shows how the flowing water causes the protective film around the metal surface to erode, this leaves the bare metal surface on show and vulnerable to cavitation and pitting corrosion.



This could be an issue in our oil rig research as on a day where large waves are colliding with the oil rig, causing high flow rate of corrosive salt water to hit the stainless-steel poles, the steel could then be caused to erode, leaving uncoated areas of steel to corrode. Although stainless steel is already extremely corrosion resistant, over time this form of corrosion could occur.


[bookmark: _Toc4991303]Environmental factors influencing corrosion
[bookmark: _Toc4991304]Salinity (James)
What is salinity?
Salinity is the measure of the total amount of dissolved salts in seawater and is determined by the water cycle which involves the process of evaporation and precipitation of water and as a result regulates the increase or decrease of salinity around the ocean (Valdez, et al., 2016). Salinity is usually measured in either grams per kilogram (g/kg) or parts per thousand (ppt). The ocean has an average salinity of 35 ppt (3.5%) meaning that in every kilogram of seawater, there are 35 grams of salt, as illustrated in figure 18 below. However, this can vary between 33 and 37 ppt depending on the surface of the open ocean (Aromaa & Forsén, 2016). Salinity levels can also change depending on the type of water in which it exits in, for example, fresh water, such as ponds, lakes, rivers and streams, contains a salinity between 0-0.5 ppt. Brackish water, for instance, the Black Sea and the Baltic Sea contains a salinity between 0.5-30 ppt. Saline water, like the Mediterranean Sea and the Red Sea contains a salinity between 30-50 ppt and briny water has a salinity of 50+ ppt (Zakowski, et al., 2014).
[image: https://upload.wikimedia.org/wikipedia/commons/thumb/2/2c/Sea_salt-e-dp_hg.svg/1024px-Sea_salt-e-dp_hg.svg.png]Figure 18 Diagram showing the quantities of sea salts in a kilogram of sea water (Lentz, 2010)

	







Sea water composition
[bookmark: _Hlk4619779]Seawater, due to its chemical composition, is an efficient electrolyte for corrosion and this is associated with the major chemical constituents of salinity which are both abundant and relatively consistent throughout the ocean. The minor constitutes, however, such as dissolved gasses (CO2, NH3 and H2S) vary from location and with season, storm and tidal cycles (Soares, et al., 2011). According to (Millero, et al., 2008), there are fifteen major constituents of sea water, however, only six of them are most abundant (making up 99.27% of dissolved salts), these are: chloride (Cl-), sodium (Na+), sulphate (SO2-4), magnesium (Mg2+), calcium (Ca2+) and potassium (K+). Out of the six elements, Cl- is considered to be the most aggressive ion because of its ability to destroy the passive layer on the surface of a metal and produce hydrogen ions during hydrolysis which results in an increase of acidity in seawater and strengthens the corrosion (Hou, et al., 2018).Figure 19: The most abundant ions in seawater (Fondriest Environmental, Inc., 2013)


Dissolved salts
When salts such as Cl- and Na+ or even other major and minor constituents dissolve in water they break into positive (cations) and negative (anions) charged ions. When these ions split the concentration of the positive and negative charge remains equal, however, the conductivity of the water increases with each added ion. Ions conduct electricity because of their ability to move freely in water while carrying an electric charge which they gain from the flow of electrons which occurs from one metal to another (galvanic couple). The more ions present, the higher the conductivity of the water, similarly, fewer ions means a lower conductivity (Fondriest Environmental, Inc., 2013). Figure 20 Illustration of Sodium Chloride (Na+ Cl-) producing an anion and cation. These ions make up the basis of water conductivity (Fondriest Environmental, Inc., 2013)


Electrical conductivity
Electrical conductivity (EC) is a measure used to determine how well a water sample, for example, seawater, can transfer an electric current/charge produced by the concentration of ions in the water. Ions that have a major influence on water conductivity are: H+, Na+, K+, Mg2+, Ca2+, Cl-, SO2-4 and HCO-3. While ions such as Fe2+, Fe3+, Mn2+, Al3+, NO-3, HPO2-4, H2PO-4 and dissolved salts have minor influence. Compounds which do not dissolve in water, such as organic compounds, are poor conductors of electricity and have little influence on the conductivity of water. Shown in table 1 below, are typical values used to determine the conductivity of some types of water. Generally, Salt Lake waters tend to have conductivity values as high as 600000 μmho cm-1 (Radojevic & Bashkin, 1999).
	Water type
	Conductivity (μmho cm-1)

	Freshly distilled water
	0.5-2

	Aged distilled water
	2-4

	Rainwater
	3-60

	Drinking water
	50-1500

	Wastewater
	>10000


Table 1 Conductivity of types of water (Radojevic & Bashkin, 1999)
Salinity map
As mentioned above, much of the ocean has an average salinity between 33 and 37 ppt, however, as illustrated by figure 21 below, salinity can vary depending on the region of the ocean.Figure 21: Map of ocean salinity (Science Learning Hub, 2010)

Regions of high salinity
There are regions in the ocean, for instance the Mediterranean Sea and the Arabian Sea which exhibit high salinity concentrations of more than 37 ppt, as shown in figure 21 above. The reason behind this is because these regions are subjected to a low occurrence of rain but a high occurrence of warm weather and as a result, this enhances the rate of evaporation. Warm weather has a greater effect on evaporation because it increases the vaporisation of water molecules: as water molecules rise in the air, they leave behind the salt, resulting in an increase of salinity content and water conductivity due to a higher concentration of ions present in the water. Therefore, accelerating the rate of corrosion (Science Learning Hub, 2010).
Regions of low salinity
In contrast, some regions of the ocean such as the Antarctic or the Baltic Sea exhibit low salinity concentrations of less than 34 ppt, again shown in figure 21. The reason for this is due to freshwater which is added from a higher exposure of rain as well as rivers, melting icebergs and the freezing of seawater into ice which all contributes to the dilution of seawater. This as a result reduces the salinity and conductivity of the water due to fewer ions present, therefore, reducing the rate of corrosion (Science Learning Hub, 2010).
[bookmark: _Toc4991305]Water temperature (Ashley)
The crevice corrosion risk increases with temperature. Contact with warmer seawater is not recommended. Surrounding temperatures in northern European waters, for example, are around the maximum that a 316 is expected to cope with, even if other conditions are favourable.  The temperatures of the northern European sea range between six degrees in the winter to seventeen degrees in the summer. Therefore, for the team to produce the worst possible condition for the steel to handle it would be ideal to put the temperature of the Persian Gulf, which sits around thirty-five degrees. This should help accelerate the corrosion of stainless steel. Stress corrosion cracking is not usually a concern in the temperatures that the 316 would be used at. Higher temperatures would probably result in crevice and pitting corrosion anyway. The book corrosion principles and practice suggest that the reaction rate doubles for each ten degrees rise in temperature. ​

[bookmark: _Toc4991306]Water flow Rates (William)
One of the parameters effecting the rate of corrosion is the flow velocity of the water. Its main effect comes from deterioration which leads to erosion corrosion. 
This is an example of an experiment undertaken with a slightly different grade of stainless steel, with the same principles. Figure 22  (Li, 2017)

[bookmark: _Toc4982307]Figure 38  (Li, 2017)

This graph compares the velocity of flow in metres per second on the x axis and rate of corrosion in millimetres per year on the y axis. 
The influence of the change in rate of flow in the fluid from 0-21.4 ms-1 was considered to find its effect on corrosion rate. (Li, 2017)
It can be seen that the flow velocity has a large impact on the corrosion resistance of stainless steel 
The rate of corrosion tends to increase at first and then begin to slowly decrease with the increased flow velocity. The corrosion rate gradually increases between velocity 0 and 10, then decreases and levels out. Therefore 10 metres per second seems to be the velocity where corrosion is at its highest, which is something that should be avoided and taken into consideration with offshore structures as they remain constantly in the water and vulnerable to flowing water.
Stagnant water and water flowing at around 10 metres per second should be avoided as it can increase corrosion rate and encourage biofouling. This is where barnacles and other sea creatures can clamp onto the metal surface which can lead to crevices being created, causing crevice corrosion. 
Pumps can be useful to make sure that water is always flowing and to maintain a steady rate of flow.

[bookmark: _Toc4991307]Oxygenation (Jordan)
The oxygenation of sea water is the measure of the concentration of dissolved oxygen in the solution, usually in parts per million. Oxygen Is absorbed from the atmosphere at the surface of the body of water, as such, oxygen saturation is much higher close to the surface, it then reaches a lower limit at around 1000 meters. As the depth further increases, the oxygen saturation shows an increasing trend (figure 23). The water oxygen concentration is dependent on salinity, temperature and pressure. On average, oxygen accounts for approximately 34% of the dissolved gasses in sea water, which equates to around 11 parts per million (Kester, 1999).Figure 23 graph plotting oxygen concentration against sea depth (Krantz, 2006)



There have been arguments made for and against the notion that increased oxygenation causes an increase in the corrosion rate of metals in seawater, on one side, stainless steel relies on a high oxygen saturation to maintain its passive chromium oxide layer. Whilst some argue that aerated sea water is more corrosive as a higher abundance of oxygen leads to an increased rate in redox reactions such as pitting and crevice corrosion.
A study conducted by the United States naval civil Engineering Laboratory found that when the dissolved oxygen concentration is highest the reduction reaction, leading to pitting and crevice corrosion, occurs appreciably faster than that of areas of low dissolved oxygen. The study also finds that the rate of reaction is limited by the speed at which the oxygen can diffuse through the electrolyte solution. The study concludes that since the diffusion rate through the electrolyte solution is proportional to the concentration of dissolved oxygen, the redox reaction rate must also be proportional to the concentration of dissolved oxygen (porte, 1967).The study involved an experiment in order to prove this theorem, the experiment involved submerging mild steel samples in both deaerated and aerated distilled water containing sodium chloride to simulate the electrolytic properties of sea water. The experiment found that the corrosion rate was a linear function of the oxygen concentration, interestingly, in the deaerated water, the corrosion rate was negligible for the period of the investigation, as no corrosion was found by visual inspection of the samples. The study did find however that at high pressure, the oxygenated samples formed a passive layer after which the effects of the corrosion where negligible, (Stern et al., 1955) explains these pressures are outside of what is possible in sea water.
Above, figure 24 plots the corrosion rates in decimetres/day against the concentration of dissolved oxygen for the aforementioned experiment.Figure 24 Graph of corrosion rate against the concentration of dissolved oxygen. (porte, 1967)

[image: Image]A report by the international energy agency also suggests oxygenation of seawater has a detrimental effect on the corrosion rate. Figure 25 bellow plays the corrosion rate against the oxygen concentration at 3 water temperatures 9,32 and 50oc respectively. The graph shows a nonlinear increase in corrosion rate, both with oxygen concentration and temperature. The corrosion rate at temperature 32oc is particularly interesting as it closely simulated the upper average temperature of sea water. The report also concludes that oxygenation of water predominantly increases the corrosion rate of uniform and pitting corrosion (International Energy Agency , 2010).Figure 25 Graph plotting corrosion rate against the concentration of dissolved oxygen at 9,32 and 50oc respectively (International Energy Agency , 2010).

[bookmark: _Toc4991308]Marine zones
The corrosion rate of both mild and stainless steels changes remarkedly based on the components position relative to the depth of the sea water. There are four main zones attributed to the depth of the sea, these are discussed below.
[bookmark: _Toc4991309]Topside (James)
[image: Image result for oil rig topside]The atmospheric zone, also known as the topside, is the section of the oil rig which is solely exposed to air and does not come into contact with tidal waves, therefore, making it a mostly dry area of the structure. Since this zone is not exposed to an electrolyte, a suitable organic coating system such as zinc-rich primers, high build epoxy and polysiloxane coatings would be enough to provide adequate corrosion control. Furthermore, corrosion resistant materials are utilised as a substitute to steel (Ivanov, 2016). As shown in figure 26 below, the topside is considered to be one of the most critical areas in terms of sustaining a corrosive attack, along with splash zone, as a result of marine aerosols. According to (Alcántara, et al., 2017), the oceanic air is rich in marine aerosols as a result the evaporation of sweater droplets caused by the breaking of waves and turbulence of the wind which also transports the aerosols. When marine aerosols, such as chloride ions, come into contact with metallic surfaces they accelerate corrosion. This is as a result of the increase of salt ions in the atmosphere attack the metal surface causing a breakdown of the passive layer. As mentioned previously, the topside is rarely exposed to an electrolyte, however, this is not entirely true because the salt particles in the air carry electrolytes and so when salt particles attack a metals surface there is a small presence of an electrolyte (water) which increases the rate of corrosion. Figure 26 Topside of an oil rig owned by Newfield Exploration company and located in the South China Sea (OFD Engineering, 2016)

[image: â�¢ Corrosion rate trend +/- >1mm a year
Corrosive Challenges in an Offshore Rig
 ]Fig 27 Environmental zones of an oil rig (Moyanno, 2017)

[bookmark: _Toc4991310]Splash Zone (Jordan)
The splash zone is the area immediately above and below of the average tidal range. It is generally accepted that the splash zone has the highest corrosion rate of the marine environmental zones, this is also true according to figure 27 above. A study conducted at the university of Surabaya (Figure 28) found that the corrosion rate of uncoated steel post in the splash zone is 1.75mm/annum compared with 0.02mm/annum in the submersion zone an increase of 8650% (Imbema , 2015). 
[image: Image result for splash zone corrosion]
Figure 28 visualisation of corrosion rates per annum for all marine zones. (Imbema , 2015)
The factors that accelerate corrosion rates in the splash zone are;
· Erosion due to wave action. 
· Salinity.
· Salt concentration increases due to evaporation.
· Marine aerosols. 
· Oxygenation.
· UV exposure.
· Cyclic wetting and drying.
· Biofouling.
Due to the large number of factors affecting corrosion listed above, corrosion protection in the splash zone is incredibly difficult. Traditional techniques such as impressed current cathodic protection doesn’t work here, due to the unstable nature of the electrolyte, protection that relies on a passive oxides layer is often compromised by the increase in concentration of chlorides, due to the evaporation of salt water on the components surface. An increase the oxygen concentration, as mentioned above also accelerates both pitting and crevice corrosion in the splash zone. Whilst UV doesn’t directly increase the corrosion rate of raw stainless steels it does cause damage to the protective coatings used the prevent it coming into contact with the seawater, the risk of crevice corrosion increases substantially with coating damage (Singh, 2014).
The coating systems used in the splash zone are the most hardwiring available in the marine engineering industry, polyurethane or neoprene barrier coatings, layered on top of zinc rich primers are used to seal the raw stainless steel from the seawater (Taylor, 1990), however maintainability and the ability to inspect the condition of the components are reduced when such coatings are used.

[image: Image result for splash zone corrosion picture ]
Figure 29 picture showing general corrosion of coated steel post in the splash zone.

[bookmark: _Toc4991311]Tidal zone (Will)
The tidal zone is essentially a zone in which the submerged and splash zone fluctuate. At high tide the submerged and splash zone will have raised, this means the highest point of the tide will be where the corrosion is occurring due to the splash zone being a corrosive area. When the tide drops back to low tide, lower down the steel beams, the corrosive area will lower and for the duration the tide is low. This will become the new splash zone.
As the tide lowers, the salt water will remain on the oil rig structure and eventually dry to the metal. This is another factor that will add to corrosion in the tidal region.

· There are two corrosive zones within the tidal zone, the mean high tide and the mean low tide.  
· Corrosion is reduced in the center of the tidal zone as the tide does not stay at this point for as long as it would at high and low tide.
· Corrosion is accelerated in the area above the center of the tidal zone as this is where oxygen levels are highest in the water which eats away at the metal surface.
(Science direct, 2019)
[bookmark: _Toc4991312]Submersion zone (Ashley)
The Submersion zone has the lowest of corrosion compared with the other zones mentioned above. The top of the submersion zone is more corrosive than the lower area because deeper water area has a lower oxygen concentration, oxygen is major factor for pitting and general corrosion. The rate of corrosion will then taper off and stay at roughly the same level as the mudline of the ocean bed is reached (figure 30). The oil and gas industry regularly use sacrificial cathodic protection such as a block of magnesium to protect from corrosion in the submersion zone (Farooq, 2013).
[image: C:\Users\Jordan\AppData\Local\Packages\Microsoft.Office.Desktop_8wekyb3d8bbwe\AC\INetCache\Content.MSO\94A40C26.tmp]Figure 30 graph plotting corrosion rates in all marine zones.












[bookmark: _Toc4991313]Test method Research (Ashley)
There is no universal corrosion test, this is due to the many independent variables in the environmental and physical conditions. This creates varying individual and synergistic reactions in the material. There are two types of lab corrosion tests, cyclic testing and traditional salt spray testing. Cyclic testing can also be split into two tests, basic and advanced.
Firstly, salt spray testing or Fog testing is the oldest form of corrosion testing.  Salt spray testing dates back to 1939 and is still used today as a way to measure corrosion. Salt spray testing measures the comparative corrosion resistance of materials exposed to a salt spray or salt fog at high temperature (Corrosionpedia, 2018). How salt spray testing works is by first placing a sample in enclosed corrosion test chamber, the samples are then subjected to a 5% sodium chloride saltwater solution. This is sprayed through a nozzle. This produces a highly corrosive atmosphere. The atmosphere conditions are then adjusted to suit the test being taken (Corrosionpedia, 2018).   The test samples can be left in the chamber for up to a thousand hours. Once the test is finished, the results can be taken.
Standards of testing 
There are standards that must be followed for corrosion testing. These include ASTM and ISO standards. The standard for salt spray testing under ASTM is section B117. ASTM stands for the he American Society of Testing and Materials (Ascott Analytical ASTMB117, 2019).  Test B117 is a widely adopted standard for salt spray testing. This test standard also appears in specific industries. The document is regularly updated by a bored set by ASTM. This shows that the standard is constantly evolving over time. 
Cyclic corrosion testing
Cyclic tests usually give a better correlation of results to the outside environment and is more closely linked than the salt spray testing. They are effective for evaluating a number of corrosion mechanisms, these include general, galvanic and crevice corrosion.
The cyclic corrosion tester that the university provides is a “cc ip” series from Ascott Analytical provides a wide range of testing requirements with multi-step cycles to all common AS, BS, ASTM, IEC, DIN and JIS standards. These chambers are available in 5 convenient sizes of 450L, 1000L, 1300L, 2000L and 2600L cabinets. The available cyclic corrosion test chamber is 1000l (Test-equip, 2019). 
CCT combines the traditional exposure to salt spray with a variety of other controlled climates, including variable temperature & humidity, to create an accelerated simulation of service life conditions. CCT is very well suited to predicting a products total service life expectancy (Test-equip, 2019). 
Humidity and Temperature can be controlled together in multi-step cycles. 4 specific cycles can be created and combined. They are: Neutral Salt Spray (NSS) Air Drying (PROHESION) Controlled Humidity Condensation Humidity (SWAAT) 
Additional fittings and automation accessories can be added for further testing capabilities to meet certain specific testing standards including timed humidity and temperature drops as well as below ambient, cool climates found in some automotive testing (Test-equip, 2019). 
Features that the cyclic corrosion test chamber has are; the ability to create up to 4 distinct climates, Multiple step programming (Maximum 30 including up to 5 separate 10-step sub-programmes) Full colour, touch screen user interface, Automatic purge prior to opening, Low loading threshold for safe and ergonomic use, Slotted sample racks: 3mm slots, fifteen-degree angle.
Prohesion is a method of cyclic accelerated corrosion testing. This test tries to simulate as closely as possible the conditions that the material would be under in the environment. The test is more closely related to long term natural exposure than conventional salt spray tests. This is one of the methods that the group used to measure the corrosion that happens on oil rigs.
The conditions that will be represented in the test rig will try and emulate the worst possible conditions from each region of the globe. These include the heat of the Persian Gulf, salinity of the black sea, etc.....
3. [bookmark: _Toc4991314]Experiments and Methodology
[bookmark: _Toc4991315]Methodology introduction (James)
As part of this investigation into the corrosion of stainless steel, two experiments were carried out by the group. The first was a prohesion test used on two 316L stainless steel samples (26cm x 4cm) which were conducted over a period of seven days (56 hours in the rig) within the university grounds using their Ascott corrosion chamber situated in the engineering department. The second experiment involved the group constructing their own model corrosion rig to simulate the splash zone which occurs in a marine environment. The model rig housed six samples of mild steel and six of stainless steel 316L and were subjected to this simulation for one week. The results gathered from each experiment will then be analysed to determine any indication of corrosion and discussing why and how these samples have corroded or likewise, why they have not corroded. The experiments are explained further in detail below.
[bookmark: _Toc4991316]Experiments carried out
[bookmark: _Toc4991317]Prohesion testing Experiment 1 (Ashley)
The first experiment carried out was a cyclic prohesion test, Using an Ascott salt spray corrosion rig at the university. The control parameters for the test were the following:
· 7 days test period.
· 35 degrees Celsius water temperature.
· Salinity of 5% using sodium chloride.
· 2 hours of wetting cycle.
· Two hours drying cycle.
· 8 hours run time per day.
· Total test period =56 hours.

[bookmark: _Toc4991318]Methodology for Experiment 1
1. Cut 316L Stainless steel into 250x25x2mm samples using a band saw.
2. Damage one sample by scraping an X deep into the surface using a sharp instrument.
3. Program the Ascott test rig, imputing the control parameters discussed above.
4. Place the samples in the test rig bed.
5. Commence the experiment by starting the test program on the control panel of the test rig.
6. Ensure the salinity of the water is maintained at 5% for the duration of the test by using a hydrometer, add salt accordingly.
7. Inspect samples daily, take photographs for later visual analysis.
8. When test duration is complete, remove samples from test rig and store for inspection and results.
[bookmark: _Toc4991319]Experiment 2 (Jordan)
The team realised that the cyclic prohesion test did not fully replicate the marine environment. Although the repeated wetting and drying did cause an increase in salt concentration on the surface of the samples, the wave and tidal action could not be reproduced. The team decided to develop its own test device in on attempt to more closely replicate the marine environment.
First design iteration
In order to replicate the splash zone, 5 parameters need to be controlled, these include;
· Salinity.
· Water temperature.
· Water flow (wave action).
· Tidal action (water depth).
· Water oxygenation.
Once the desired control parameters where established, the team set about designing a device which was capable of achieving and maintaining these variables.
The initial design (figure 31) consisted of two water tanks connected by a peristaltic pump, one tank would contain the test samples and one would act as a reservoir to store the sodium chloride rich water. The pump would move water between the two tanks to simulate the rising and falling of the tide. Inside the tank containing the samples, mounted to a rack, is a paddle wheel. The purpose of the paddle wheel is to agitate the water and create a wave action, in turn this would simulate the constant wetting and drying of the splash zone. A simple submersible water heater would be used to regulate the water temperature and the salinity could be achieved by simple calculations based on the volume of water stored in the reservoir tank.
Although it is plausible that the design showed in figure 1 would work, the team recognised scope for potential improvement to the design, these include:Figure 31 Schematic of the first iteration of the design experiment.

· The use of a peristaltic pump proved unachievable due to cost of the pump as well as the need for it to be constantly supplied with electrical power.
· The use of two tanks would require heating elements in both tanks to have full control over the water temperature.
· The use of the reservoir tank increased the physical size of the design, reducing mobility.
· The reservoir tank would not be used during a high tide scenario. 
· The cost of having to purchase 2 heaters and tanks.
With the above issues in mind the team set about creating a second design iteration, with the aim of u
sing 1 tank, 1 heater and without the use of a peristaltic pump to move the large volume of water.
Second design iteration 
The second design shown in figure 32, succeeded in all of the above goals. The design consists of 1, 40 litre tank, a linear actuator to raise and lower the sample rack to simulate the rising and falling of the tide. A submergible turbine to create a water flow and wave action, and 1 submersible heater with a thermostat to regulate the water temperature. The team also decided to use a small air pump to increase the oxygen concentration within the test tank.
Figure 32 Schematic of design iteration 2









The team also added a delay timer to the design to bring a level of autonomy to the test procedure, the delay timer raises and lowers the actuator every 8 hours to simulate high and low tide.
[bookmark: _Toc4991320]Methodology for Experiment 2 
The second experiment was carried out over a period of 1 week equating to 168 hours. Tap water was used and at 5% salinity, using table salt for the sodium chloride. The water was maintained at 350c and the tide simulation was set for every 8 hours on a recurrent cycle. The experiment was carried out on 8 316l stainless steel samples and 4 mild steel samples.
1. Cut 12 test samples into 25x70x2 mm samples using a bandsaw.
2. Secure the samples on the test rack using polymeric fasteners.
3. Secure the test rack to the actuator thread.
4. Add 20 litres of water to the tank.
5. Add 1 kilogram of sodium chloride to the water.
6. Set the heater to 350c.
7. Turn on the pump, turbine and heater using the switches inside the isolation box.
8. Set the delay timer to an 8-hour recurrent cycle.
9. Turn on the actuator circuit using the switch.
10. Secure the lid of the tank to avoid spillage.
11. Measure the salinity of the tank daily using a hydrometer, add sodium chloride accordingly. 
12. Inspect and photograph the samples weekly to gather results for discussion.
13. When the test period is concluded, empty the tank, and switch off all electrical appliances.













4. [bookmark: _Toc4991321]Results (Jordan)
[bookmark: _Toc4991322]Results for experiment 1

	Experiment 1-Cyclic Prohesion of 316l Stainless Steel

	Before
	[image: https://scontent.fbrs1-1.fna.fbcdn.net/v/t1.15752-9/55719462_306340483317781_4431093015976607744_n.jpg?_nc_cat=103&_nc_ht=scontent.fbrs1-1.fna&oh=827408454bebe0e1c26347b39b9aafb2&oe=5D43BE49]

	During
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	After
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Table 2 table of results for experiment 
[bookmark: _Toc4991323]Results for experiment 2

	Experiment 2 Splash zone Simulation mild steel & 316L Stainless Steel

	
	Mild steel
	316L Stainless steel

	Before
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	During
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	After
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Table 3 Table of results for experiment
[bookmark: _Toc4991324]Discussion (Jordan)
[bookmark: _Toc4991325]Discussion for experiment 1
The results of experiment 1 closely resemble the findings of the research the team conducted prior to its commencement. Both the damaged and undamaged 316L stainless steel samples showed no signs of corrosion during or after the experiment ended. Some discolouration can be seen on close visual inspection, however, this wiped clean with minimal effort, meaning this is likely due to staining transfer from the bed of the corrosion rig. The lack of corrosion is likely due to the high molybdenum content of the stainless steel, as well as the re-passivation of the chromium oxide layer, even after damage. 
A longer test period may have yielded more results in terms of corrosion, however, not only was this not possible during the duration of the experiment due to usage of the corrosion rig by others at the university, it is also net feasible, in order to see tangible corrosion of 316L the corrosion test may have to las months or even years.
[bookmark: _Toc4991326]Discussion for experiment 2 
Experiment 2 yielded more interesting findings in terms of corrosion. Although the mild steel samples where only added as a proof of concept, to show the prototype corrosion rig was capable of creating a highly corrosive environment, they Actually proving the theory of splash zone corrosion. Figure 33 image showing the increase of corrosion rate towards the splash zone,

Note how the corrosion of the mild steel samples (left) increases substantially from the bottom to the top of the test rack. This is not only how the test rig was intended to function, but also how the teams research into marine corrosion zones would suggest. 
Interestingly one of the 316L samples also showed signs of corrosion, in a deep scratch on its surface (figure 34). this Is probably due to the high chloride concentration in the tank, inhibiting the steels ability to passivate the scratched surface by means of a chromium oxide layer.
[image: https://scontent.fbrs1-1.fna.fbcdn.net/v/t1.15752-9/s2048x2048/55613161_375507973048514_7933892416438796288_n.jpg?_nc_cat=102&_nc_ht=scontent.fbrs1-1.fna&oh=cbef04386a8eb14907f3559aa2c11703&oe=5D498482]Figure 34 image showing scratch of stainless steel surface forming orange corrosion product.

1. [bookmark: _Toc4991327]Conclusion (James)
The aim of this project was to investigate stainless steel corrosion in a marine environment, particularly looking at its applications used on oil rigs. The investigation primarily began by exploring the factors that make stainless steel such an anti-corrosive metal, this involved: examining its composition, the various grades available and how they are manufactured as well as looking at surface treatments and coatings which are used for various grades and processes. The investigation then carried on into the forms of corrosion which are relevant to stainless steel and from the six types mentioned 13, it was found that pitting, crevice and galvanic corrosion occurred the most. In addition to this, the group examined further into these forms of corrosion, asking the question as to why these forms of corrosion were occurring? This then led to an investigation into the environmental factors which exist in a marine environment and how the following factors: salinity, water temperature, water flow rates and oxygenation, have an influence on corrosion and the rate at which it occurs. During this research, two experiments were conducted to put the theory into practise. This was done by testing multiple stainless-steel samples in both an Ascott corrosion rig in the university and a prototype rig built by the group. The results that the group gathered from both experiments were just as expected: the stainless-steel samples did not corrode but sustained some salt staining as well having the original starch marks compared to the mild steel samples which significantly corroded. These results back-up the research not just covered by the group but by experts in the field of materials and corrosion and by industry leading companies about stainless steel and corrosion and proves why stainless steel is a reliable material to use for a range of applications subjected to a marine environment.








[bookmark: _Toc4991328]Evaluation (Jordan)
The aim of this Group project was to investigate the mechanisms and effects of corrosion of stainless steel in marine environments, the team has successfully identified many causes and effects of corrosion including environmental and physical factors.  
Using knowledge gained in the research stages of the project the team conducted two experiments to support the theory of marine environmental zones, relating to the submersion depths of mild and stainless steel samples. The experiment gave clear results that supported both the research conducted by the team, and of professionals in industry.
The team worked to deadlines well, all research tasks and experiments where conducted on time, even allowing enough time for the redesign of the experimental procedure. The team dealt with the issue of unavailable test equipment by building its own prototype test rig. 
The team worked well together in building the prototype test rig, displaying knowledge of the practical skills needed in developing and building a prototype test rig that proved reliable and productive. 
[bookmark: _GoBack]Going forward the team should strive to share research tasks more closely, research tasks and thus knowledge of specific information was segregated in the team by the way the team set about the allocation of roles and research task. This could be remedied by discussing the findings of each other’s research more frequently.
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Appendix 2 Meeting Minutes
Meeting Minutes 
[bookmark: _Hlk4867385]Date: Friday 12th October 2018
Time: 1:00 pm – 1:45 pm
Location: Study space (1st floor IQ building)
Members present: 
Ashely Morris, James Gregory, Jordan Jenkins and Will Arthure
Announcements:
First meeting: Start of the group project.
Discussion:
1:00 pm: The team discussed various project options.
1:20 pm: The team discussed their personal interests for each project and how each team member thought they could contribute to each project option.
1:30 pm: After much discussion and consideration, the team decided to take on the stainless-steel corrosion in a marine environment project.
1:32 pm: The team debated different team names and unanimously decided upon “Project Rigged”.
1:35 pm: Jordan was voted team leader of Project Rigged.
1:40 pm: The team read and discussed the project brief and tasks were assigned to each team member to conduct some background research during the week to gain a basic understanding of the task at hand. Ashley researched manufacturing methods of stainless steel, James researched the materials used on offshore structures, Jordan conducted research on coating methods and Will focused on different grades of stainless steel. Each team member agreed to complete their research tasks by 18/10/18.
[bookmark: _Hlk4870605]1:45 pm: The team decided on a date and time for the next group meeting: Friday 19th October at 1:00 pm.

Meeting Ended.
Date: Friday 19th October 2018
Time: 1:00 pm – 1:40 pm
Location: Study space (1st floor IQ building)
[bookmark: _Hlk530591277]Members present: 
Ashely Morris, James Gregory, Jordan Jenkins and Will Arthure
Announcements:
Second meeting: Share and discuss background research with the team.
Discussion:
1:00 pm: The team discussed the research they had carried out a week prior.
1:20 pm: The team read and discussed the project brief again.
1:25 pm: The team decided to assign preliminary research tasks to each team member based on the project brief. Ashley’s task was to gather information about the corrosion chamber within the university by speaking to Gareth as well as looking at online resources. James’s task was to find out how stainless steel reduces corrosion and gain a basic understanding of pitting corrosion. Jordan’s task was to understand the basics of crevice corrosion and Will’s task was to find out what factors affect corrosion in a marine environment. Each team member agreed to complete their research tasks by 29/10/2018.
1:30 pm: A group chat was created on Facebook so that the team could communicate effectively.
1:35 pm: The team decided that in order to share research tasks and any other work completed, we should make use of a shared OneDrive folder, and then set about creating a suitable folder structure.
1:40 pm: The team decided on a date and time for the next group meeting: Tuesday 30th October at 1:00 pm.

[bookmark: _Hlk4873703]Meeting Ended.



Date: Tuesday 30th October 2018
Time: 1:00 pm – 3:00 pm
Location: Study space (1st floor IQ building) & Y Fforwm building (2nd floor study space)
Members present: 
Ashely Morris, James Gregory, Jordan Jenkins and Will Arthure
Announcements:
Third meeting: Share and discuss preliminary research with the team.
Discussion:
1:00 pm: The team discussed the preliminary research they had carried out a week and a half prior.
1:25 pm: The team discovered that Will was not able to complete all of his research due to the extent of the topic and so the team decided to leave the study space in the IQ building and head to the 2nd floor of the Y Fforwm to work on it together.
1:30pm: Before work could begin, the team decided to split up the main task into miniature tasks which would be easier for them to handle and research. Ashley’s task was to research water temperature, James researched salinity, Jordan researched water oxygen levels and Will researched water flow rates. The team agreed to finish the tasks by 3:00 pm.
3:00 pm: Task completed. The team decided on a date and time for the next group meeting: Friday 2nd November at 12:30 pm.

Meeting Ended.







Date: Friday 2nd November 2018
Time: 12:30 pm – 3:00 pm
Location: Y Fforwm building (1st floor study space)
Members present: 
Ashely Morris, James Gregory, Jordan Jenkins and Will Arthure
Announcements:
Fourth meeting: Prepare group presentation for the mock vivas. 
Discussion:
12:30 pm: The team got together to prepare and practise the presentation for the mock vivas the following week.
3:00 pm: The team agreed that a meeting would not be scheduled until they received their results and feedback from the lectures about the mock presentation.

Meeting Ended.














[bookmark: _Hlk4873254]Date: Monday 19th November 2018
Time: 1:15 pm – 2:10 pm
Location: Y Fforwm building (1st floor study space)
Members present: 
James Gregory, Jordan Jenkins and Will Arthure
Announcements:
Fifth meeting: Discuss feedback received from lecturers over mock presentation.
Discussion:
1:15 pm: James, Jordan and Will met up and discussed the feedback they received for their mock viva. 
1:25 pm: The team discussed where they went wrong during the mock presentation and how they could improve in time for their first official viva. From the feedback, two major points were brought up: firstly, insufficient amount of content shown on the slides and secondly, a lack of presentation skills. The group took these factors into consideration when thinking about how they could improve when moving forward.
1:40 pm: The team agreed that more extensive research needed to be done in terms of forms of corrosion and corrosion testing. Only pitting and crevice corrosion were previously covered, however, the feedback showed that was not enough as there were still various types of corrosion the team had not taken into consideration.
1:50 pm: These tasks were assigned to each team member. Ashley’s absence from the meeting was taken into consideration. The following tasks assigned were as follows: James researched into electrochemical and galvanic corrosion and Ashley conducted more in-depth research into crevice corrosion and salt spray testing (ASTM B117). 
Jordan researched into stress corrosion cracking and prohesion testing and Will researched into erosion corrosion, intergranular corrosion and cavitation corrosion. Each team member agreed to complete their research tasks by 26/11/18.
2:10 pm: The team decided on a date and time for the next group meeting: Thursday 27th November at 1:00 pm.

Meeting Ended.
Date: Thursday 27th November 2018
Time: 1:00 pm – 1:30 pm
Location: Fforwm building (2nd floor study space)
Members present: 
Ashely Morris, James Gregory, Jordan Jenkins and Will Arthure
Announcements:
Sixth meeting: Share and discuss forms of corrosion and corrosion testing research the team had carried out after the previous meeting. The group starts a new research task on the different zones of an oil rig in a marine environment.
Discussion:
1:00 pm: The team discussed the research they conducted on the forms of corrosion which are relevant to stainless steel.
1:20 pm: Up until this point the team had covered many aspects of the project, for instance, manufacturing processes of stainless steel, stainless steel as a material and its grades, protective coatings, various types of corrosion that can occur, marine factors contributing to corrosion and types of corrosion testing. However, one piece was still left to cover and that was the different zones that exist on an oil rig subjected to a marine environment. 
The team decided to assign research tasks on this topic. Ashley researched the submersion zone, James researched the atmospheric (topside) zone, Jordan researched the splash zone and Will researched the tidal zone. Each team member agreed to complete their research tasks by 02/11/2018.
1:30 pm: The team decided on a date and time for the next group meeting: Monday 3rd December at 1:00 pm.

Meeting Ended.




Date: Monday 3rd December 2018
Time: 1:00 pm – 1:20 pm
Location: IQ building (ground floor)
Members present: 
Ashely Morris, James Gregory, Jordan Jenkins and Will Arthure
Announcements:
Last meeting of 2018: Discuss and research ideas for an experiment looking at stainless steel corrosion which the group can put together during the new year.
Discussion:
1:00 pm: The team agreed that during the Christmas and New Year period, it would beneficial if everyone did a small amount of research or had some idea on a model corrosion rig that the team could build during the new year.
1:20 pm: The team agreed that a meeting would not be scheduled again until they started after the exam period in January.

Meeting Ended.












Date: Wednesday 23rd January 2019
Time: 2:00 pm – 2:25 pm
Location: Y Fforwm building (1st floor study space) 
Members present:
Ashely Morris, James Gregory, Jordan Jenkins and Will Arthure
Announcements:
First group meeting of 2019.
Discussion:
2:00 pm: The team carried on from where they left off after their last meeting which was deciding upon an experiment which they could conduct to investigate into stainless steel corrosion. Unfortunately, due to the Christmas, New Year and exam period the team was unable to conduct any research. 
2:10 pm: The team decided to now focus their attention on researching and coming up with ideas for building a model corrosion rig. Each team member agreed to complete their research tasks by 29/10/2019.
2:25 pm: The team decided on a date and time for the next group meeting: Thursday 31st January at 11:00 am.

Meeting Ended.










[bookmark: _Hlk4876284]Date: Thursday 31st January 2019
Time: 11:00 am – 11:40 am 
Location: Study space (1st floor IQ building)
Members present:
Ashely Morris, James Gregory, Jordan Jenkins and Will Arthure
Announcements:
[bookmark: _Hlk4876418]Second meeting: Share and discuss ideas and/or designs for an experiment.
Discussion:
11:00 am: The team shared and discussed ideas for experiments which they could conduct.
11:20 am: The team also talked about conducting a separate experiment using the universities corrosion chamber situated in the engineering department. 
11:25 am: The group decided that it would be a good idea to speak to the technicians in the engineering department about the availability of the corrosion chamber.
11:40 am: The team decided on a date and time for the next group meeting: Monday 4th March at 1:00 pm.
The reason for no meetings between the end of January and March is because there was no more work left to discuss between and the group also had other commitments with assignments which were also due in. All that was left to do was to continue with the two experiments until the group could collect suitable results and schedule two more meetings, one to prepare a structure for the final report and another to prepare the presentation for the final viva.

[bookmark: _Hlk4918878]Meeting Ended.





[bookmark: _Hlk4877295]Date: Monday 4th March 2019
Time: 1:00 pm – 1:30 pm
Location: Y Fforwm building (1st floor study space) 
Members present:
Ashely Morris, James Gregory, Jordan Jenkins and Will Arthure
Announcements:
Third meeting: Prepare the final report.
Discussion:
1:00 pm: The team met up to discuss the structure for the final report.
1:10 pm: The team read the project brief to understand what was required to have in the report, such as: a contents page, introduction, project organisation, references etc.
1:15 pm: From the research conducted previously, the team discussed who will be responsible for including information in the report.
1:25 pm: The team agreed that any information which needed to be added to the report could be done via the OneDrive.
1:30 pm: The team decided on a date and time for the next group meeting: Thursday 28th March at 11:00 am.

Meeting Ended.









Date: Thursday 28th March 2019
Time: 11:00 pm – 11:30 pm
Location: Computer area (ground floor IQ building)
Members present:
Ashely Morris, James Gregory, Jordan Jenkins and Will Arthure
Announcements:
Fourth meeting: Prepare the final presentation.
Discussion:
11:00 am: The team discussed what should be included in the presentation. Since the team covered a lot of research beforehand, they agreed that it would not be viable to include all of it and so discussed which information would be relevant to include in a 20-minute presentation.
11:10 am: The team read the project brief to figure out what issues their report needed to address and from that decide which research to include in the report.
11:30 am: The team decided on a date and time for the next group meeting: Monday 1st March & Tuesday 2nd April at 1:00 pm.

Meeting Ended.










Date: Monday 1st March & Tuesday 2nd April 2019
Time: 1:00 pm – 2:00 pm
Location: Study room (1st floor Y Fforwm building)
Members present:
Ashely Morris, James Gregory, Jordan Jenkins and Will Arthure
Announcements:
Fifth meeting: Practise the final presentation.
Discussion:
1:00 pm: The team practised their presentations in preparation for the final viva which was scheduled at 10:00 am on Wednesday 3rd April.
2:00 pm: End of the final group meeting.

Meeting Ended.
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