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[bookmark: _Toc9929518]Introduction
This assignment’s main aim was to investigate the significance and properties of coatings used to protect a component or system against environment degradation. The system studied in this assignment was carbon steel (CS) piping at petrochemical refineries where thermal spray aluminium (TSA) is used to isolate the substrate from the corrosive environment and acts as a sacrificial material. Application of the coating, in particular to surface finish, cleanliness and adhesion, is explored in addition to data analysis to give an understanding of the importance in protecting CS pipe to maintain its overall performance. Furthermore, estimate costs for applying TSA coatings are considered with short and long-term recommendations for the application.


[bookmark: _Toc9929519]Literature Review
0. [bookmark: _Toc9929520]Environmental Corrosion
Understanding the consequence of environment corrosion in metals, particularly for refining industries, is essential to preserve components or a system from degradation. Such consequences involve economic cost due to replacing or maintaining a component/system from material loss. Moreover, a severe consequence would be a component/system failing in service potentially causing injuries or fatalities in addition to high economic cost of plant/equipment replacement and failure to provide health and safety.

Additionally, it is important to identify the causes of environment corrosion in metals some of which are listed below:
· Oxidation 
· Electrolysis 
· Other chemical reactions
· Hydrogen concentration attack (pH)
In the first instance some metals react with Oxygen from the environment to form an oxide layer as shown below:
[image: ]
Figures 1 & 2: Metals with oxide layers formed - shown in blue (Holden 2019).
Figure 1 demonstrates metals with low valency allowing the material to react with Oxygen; for example, Magnesium has one valency reacting with Oxygen to produce Magnesium Oxide. Low valency means limited reactions leaving a thin oxide layer which tends to be in tension. Hence, this produces pores in the oxide layer and with poor adhesion the Magnesium underneath is susceptible to further corrosion with the addition that the oxide layer is soluble in water. In contrast, figure 2 reveals some metals with high valency, for instance Chromium, produce more reactions with Oxygen leaving a thicker oxide layer in compression. This thicker oxide layer in compression with high adhesion makes it advantageous in providing an efficient barrier against further corrosion (Strehblow 2016) (Holden 2019).

The second instance of environmental corrosion is from electrolysis known as aqueous corrosion. Both anode and cathode regions must be present for this corrosion with the latter being corroded generally. In addition, a conductive electrolyte that allows anions and cations to move with a defined electron metallic path must exist. Figure 3 below shows an example of aqueous corrosion in Iron under Oxygen and water (contaminated form) conditions with the latter acting as the electrolyte:
[image: ]
Figure 3: Aqueous corrosion in Iron (Wright 2019). 
Anode and cathode regions are formed where there is an electrical potential difference between two areas resulting in two simultaneous reactions occurring; two electrons from the anodic, leaving a positive ion (Fe2+), conduct through the metal to the cathode where it reacts with water and Oxygen producing a negative ion. At this stage corrosion has occurred with Fe2+ from the anode free to dissolve in the water however this only occurs if the anode and cathode are separated by several millimetres and that Oxygen isn’t present at the anode. This isn’t the case in most metals but instead Fe2+ reacts with Oxygen in the electrolyte to form rust on the surface i.e. the Iron has oxidised (Edwards 2013).

Although rust is best avoided in engineering it does present a visualisation that the metal requires maintenance. Aqueous corrosion comes in many forms; uniform attack, pitting, bimetallic and crevice corrosion (Edwards 2013). As a result of this corrosion in addition to tensile strength applied to the metal stress corrosion cracking (SCC) can occur as shown below (Shen et al 2019):
[image: ]
Figures 4: Stress Corrosion Cracking (Holden 2019).
Metals are made up of grains where all the impurities of a metal lie at grain boundaries making it the weakest point (Cantwell et al 2014). Hence, SCC can occur where stress is applied on a metal in a corrosive environment causing intergranular attacks at the grain boundaries leading to catastrophic failure Lastly, other elements from the environment can react with metals such as Sulphur, Chlorine, Carbon and Nitrogen deteriorating the substrates original mechanical properties causing corrosion; if for example Sulphur reacts with a metal the sulphides are formed at the gain boundaries making it more brittle (Holden 2019). Lastly, metals in general perform badly in the presence of high pH compounds and so can cause corrosion; this can be seen in the form of acid rain (<5 pH) (Markings 2019).
 
0. [bookmark: _Toc9929521]Carbon Steel Piping at Petrochemical refineries
Petrochemical refineries specialize in refining crude oil to make various products which are then sold to the end customer. Below is a simple diagram showing the refining process of crude oil:
[image: ]
Figure 5: Crude Oil refining process. Products such as jet, diesel fuel, propane, fuel gas and petrol are all end products (Stribling 2018).
Piping is used at refineries to transport crude oil and products around the process units as well as importing/exporting them with pipe diameters ranging from ½’’ to 30’’. The vast majority of the piping used at refineries is CS A106 grade B designed for high temperature services (maximum 593oc) suitable for the various refinery processes in addition to its high strength, toughness and weldability (ASME B31.3 2016). Furthermore, CS is used because its composition includes Chromium (Cr) and as discussed in section 2.1 this element provides an oxidized layer protecting against corrosion however it is not as effective as stainless steel (SS) which has a higher Cr content (Metal Supermarkets 2016). 

Thus, CS is limited to providing an oxidized layer allowing Iron contained in the steel to be exposed to Oxygen and, if in presence of an electrolyte, aqueous corrosion will occur leaving rust as discussed in section 2.1. Although SS is more resistant to corrosion than CS refineries opt to use the latter for piping as it is generally less expensive than the former (Metal Supermarkets 2016). Without adequate protection applied to CS pipe it is exposed to corrosive environment leading to consequences discussed in section 2.1.
[bookmark: _Toc9929522]Historical Corrosion Problems 
Refineries continuously experience environmental corrosion problems due to inadequate coating protection leading to various forms of aqueous corrosion; electrolyte is generally provided by the rain and pitting corrosion from some refineries being built near the sea where chlorides are present i.e. sea salts. Where environment corrosion is observed the refineries inspection department would issue a work order to instruct maintenance to carry out a repair to rectify the corrosion. Figure 6 below shows a general CS piping aqueous corrosion:
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Figure 6: General aqueous corrosion.
Due to the breakdown in coating, figure 6 shows that the CS exposed to the environment resulting in aqueous corrosion. Some sections of pipeline form part of a crucial refinery process and so to avoid taking it out of service for line replacement, which can prove very costly (Bijvank 2004), an engineered enclosures are installed until the business unit is ready for shutdown; these engineered enclosures are also costly but less compared to shutting down the unit. Figure 7 below shows another environmental corrosion example:
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Figure 7: General aqueous corrosion and pitting.
Severe pipe pitting corrosion can be seen around the branch weld in addition to the general aqueous corrosion on the parent pipe. Further corrosion mechanisms experienced at refineries are again shown in the figure below:
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Figure 8: Aqueous uniform attack corrosion.
Figure 8 discloses aqueous corrosion in the form of uniform attack where corrosion occurs uniformly across the CS pipeline and is generally less severe due to the bigger surface area exposed. In contrast, figure 7 shows locations of pitting corrosion which are more severe because of the smaller surface area exposed (Prayitno and Irsyad 2018). Lastly, figure 9 below shows corrosion under insulation (CUI):
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Figure 9: CUI.
A refineries predominat form of environmental corrosion is aqueous but particuarly for CS pipelines insulated. Use of insulation is crucial to contain heat for process reasons (Kaynakli 2014) however this will also retain any water/steam that gets trapped on the external pipeline surface. Therefore, various forms of aqueous corrosion are instigated this way and is escalated due to the electroylte being trapped. Moreover, CUI is a major concern at refineries as it is not visually noticable due to the insulation installed. 

Figures 6-9 demonstrate historical consequences of environmental corrosion on CS pipelines at refineries due to inadequate protective coatings. Some cases would require urgent attention due to thin walls which could lead to pipeline failures causing products to escape and the potential to find an ignition source. Similarly failure and leaks from pipelines containing hazardous products, such as hydrogen sulphide (H2S), could lead to health problems and even death in addition to high temperature products causing further harm. These corrosion issues could require engineered closures or line replacements all of which cost money yet could be avoided with a more effective coating. The coatings used in these figures were a two pack epoxy paint system with an average life of 7 years and clearly were performing ineffectively. As a result of this, a new coating was introduced at refineries to prevent CS pipeline environment corrosion more effectively and with the protection lasting longer. 
[bookmark: _Toc9929523]Thermal Spray Aluminium (TSA) 
[bookmark: _Toc9929524]Purpose
In order to prevent environment corrosion on CS piping more effectively refineries now uses TSA as a protective coating with an anticipated longer life duration of 20 years. Once TSA is applied onto CS piping it oxidises under atmospheric conditions producing a thin Aluminium Oxide layer preventing further oxidisation underneath. This oxide layer is insoluble in water providing an effective barrier between the CS pipe and the environment (Al-Moubaraki and Al-Rushud 2018) in addition to strong adhesion stopping aqueous corrosion (Malek et al 2013). Additionally, if the coating was to be mechanically damaged in small regions the CS will still be protected as the Aluminium acts as a sacrificial anode called galvanic protection illustrated in figures 10 and 11 below:
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Figures 10 & 11: Illustrating substrate corrosion for steel using tinplate and coating corrosion for steel when using zinc (Holden 2019).
Instead of Zinc in figure 11, Aluminium is used in coating CS piping and acts as the anode with the steel pipe as the cathode leaving the coating corroding only; this contrasts with using tinplate where the steel would corrode instead. Lastly, TSA is also suitable for refinery processes with design temperature ranging from -45oc to 540oc and has a low density (Shell 2017).
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Some refineries adhere to the Design and Engineering Practice (DEP) specification for TSA coatings and contractors taken on to carry out TSA must do the same. There are various methods in applying TSA such as Arc spraying however at refineries flame spraying is generally used once several steps for CS piping preparation are crucially carried out.
[bookmark: _Toc9929526]Surface Preparation
Before TSA is applied the CS pipe is prepped to ensure there is no contamination on the surface in addition to any rust, mill scale, detergent or slag by using degreasing liquids. It is essential this is carried out to ensure there is no electrolyte trapped, any existing corrosion or contaminates are removed and to aid strong adhesion. The CS surface is further cleaned and prepped through abrasive blasting which after completion a visual examination is taken to ensure that the surface cleanliness is a minimum of Sa 2½ standard in addition to checking; surface roughness using a replica tape confirming measurements are between 75 µm and 110 µm with a sharp angular profile; dust contamination; and soluble salt contamination which must not surpass 20 mgm-2 (Shell 2017). 
Aluminium oxide is generally used at refineries for abrasive blasting in the form of corundum with suitable hardness, size and shape for CS abrasion (Finishing Systems 2018). The Sa 2½ standard ensures the pipe contains minimal areas of rust, mill scale, detergent or slag for reasons discussed previously (HMG 2019). The surface roughness is important to analyse the profile after blasting; high peaks could leave inadequate coating regions and low peaks can lead to poor adhesion both resulting in corrosion (Elcometer 2016). Furthermore, dust contamination is tested to ensure the surface does not re-contaminate from the blasting and soluble salt contamination to avoid any pitting corrosion. Requirements prior to blasting and surface checks after are set out in section 4.3 in the DEP specification. 

Abrasive blasting is efficient and suitable for removing containments on CS relatively quickly where less machinery is needed making it advantageous. However, it has disadvantages because of its abrasive nature it deteriorates the CS surface if not done correctly. In addition, heat is generated from the high velocity blasting causing a health and safety hazard as well initiating oxidisation on the CS surface leading to poor adhesion (Russel 2018). After surface preparation has been completed and surface checks are satisfactory the CS pipe is ready for TSA.
[bookmark: _Toc9929527]TSA Coating
Before TSA is applied it important to know whether the CS pipe is insulated in addition to its’ operating/design temperature to establish if and what sealer is required after TSA. New construction CS pipework at refineries all requires TSA with no sealer needed for pipes insulated to avoid CUI. In contrast, uninsulated piping requires a sealer to ensure that the porosity left by the TSA coating is filled to avoid any contamination from the environment but must not contribute to the film thickness; epoxy is used only for maximum temperatures of 120oc and silicone to 450oc with both elements having a suitable low viscosity to fill the pores. 

Furthermore, the TSA must be applied within a reasonable time after abrasive blasting to avoid surface re-contamination and other conditions must be met prior to appliance set out in section 5 in DEP specification; in particular the CS pipe must be more than 3oc above dew point of the surroundings and relative air humidity equal to or less than 85%; all of these can re-contaminate the surface and affect poor adhesion. In addition, heating/pre-heat must be used to avoid any condensation on the CS surface or oxidation to prevent internal stresses in TSA (Shell 2017).  

TSA can now be applied and is demonstrated in figures 12 and 13 below:
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Figures 12 & 13: Demonstrating TSA application through flame spraying (Holden 2019)(Hayden Corp. 2019). 
The material in this case would be Aluminium which becomes molten using a combustible heat source and is then accelerated towards the substrate by compressed air; the process purely replies on the temperature from the heat source and material velocity (Holden 2019).  It is important that TSA is applied thinly and over several passes as this will increase the Aluminium’s tensile bond strength (adhesion) to the CS; applying thick layers quickly results in internal stresses in the coating and thus poor adhesion is obtained (Shell 2017). The TSA dry film thickness (DFT) should be between 250µm to 500µm; Malek et al (2013) concluded optimal coating thickness could start from 200µm. In addition, if any indication of rust bloom is seen a coating repair must be carried out as per DEP specification. After completion a sealer and topcoat must be applied (if required) within a specified time after TSA to avoid any re-contamination in addition to; DFT of the sealer coating not exceeding 40µm; and topcoat maximum DFT of 40µm; and other conditions are set out in section 5 in the DEP. 

An advantage of using TSA is that most particles are accelerated so quick that they don’t have time to react with air before hitting the substrate; however, some can oxidise if slow velocities are met causing inclusions. Conversely, TSA normally results in; inconsistent thicknesses that can’t be controlled; produces fumes, dust and noise causing a health and safety hazard; it’s a costly process; can leave voids in coating and un-melted particles producing poor adhesion and corrosion protection; and heavily dependent on surface preps (Holden 2019). Lastly, to carry out TSA relies on the unpredictable weather conditions at some refineries which can lead to delays resulting in re-blasting due to surface re-contamination. 
[bookmark: _Toc9929528]TSA Performance
After TSA application, as well as any sealer and topcoat, it is vital that the coating must undertake a quality control and assurance to ensure optimum protection is achieved. Hence, refineries complete several inspection tasks as per DEP on the abrasive blasting, TSA, sealer and topcoat that include:
· Surface finish
· Coating Thickness
· Adhesion Test (TSA only)
[bookmark: _Toc9929529]Surface Finish
The CS surface must be visually inspected for several parameters after abrasive blasting as discussed in section 3.2.1. At refineries, all visual inspections for abrasive blasting, including TSA and sealer, are reported on a painting completion certificate to ensure DEP compliance such as correct detergent used for cleaning and Sa 2½ standard is met. Furthermore, contractors issue a protective coatings inspection report for approximately once per 100m2 of surface prepped to the company as shown below:
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Figures 14: Inspection Report from a contractor – Prepped surface.
Figure 14 shows Testex replica tape being used to measure the surface roughness (peak to valley heights) of the prepped surface meeting DEP compliance readings between 75 µm and 110 µm (DEP compliance). The advantages of using this method ensures that the surface profile for suitable in obtaining strong adhesion. However, if the tape used is smaller than the surface profile the Testex is limited and if the user applies a high force on the sample, using an instrument to measure, the valley profile can change leaving incorrect readings (Elcometer 2016). Moreover, as only 1% of the surface prepped is measured it does not guarantee that the remaining area is in the suitable surface roughness range leading to the possibility of poor adhesion. This is the same case for the surface contamination report also shown in figure 14 with a result meeting DEP specification; all soluble salts are determined using the Bresle test measuring the conductivity of a water sample (3ml) on the prepped surface.

The surface finish for both TSA and sealer is carried out using a 10x or higher magnification microscope as per DEP. For TSA it is important that such defects are noted and repaired which include; blisters showing poor adhesion of the TSA because the CS surface is contaminated (i.e. poor surface preparation) after cleaning which could be filled with Oxygen, water or rust for instance. This in effect can cause the coating to fail either by delamination or detaching itself from the CS piping resulting in exposure to the corrosion environment. Further TSA visual defects include spatter caused by either incorrect TSA viscosity, poor equipment, poor appliance by the applier and areas where CS can be seen thus decreasing environment corrosion protection (Corrosionpedia 2019). 

DEP further states cracks, caused by TSA appliance, must also be observed where crack propagation can occur from the top through to the substrate resulting in coating breakaway and exposure to the environment. The DEP however fails to mention analysing the TSA profile; if there are a number of sharp peaks this can cause stress concentrations leading to stress corrosion cracking if under tension and so it is recommended this should be carried out. Finally, for every 50m2 the sealer coating must be visually checked for any holes as discussed previously. Like the abrasive blasting, all visual inspections for both TSA and sealer are reported on a painting completion certificate. The report assures quality to an extend but relies on the trust, interpretation and competence of the personnel carrying out the visual inspection; a recommendation would be to take several suitable images for the visual inspections carried out and attach them to the report.
[bookmark: _Toc9929530]Coating Thickness
As discussed in section 3.2.2 it is important that TSA and sealer coats are within a DFT range and is done at refineries generally using an Elcometer thickness gauges. Below shows another section in a contractor’s inspection report revealing DFT (µm) reading checks:
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Figure 15: Inspection Report from a contractor – DFT readings.
Where WFT is wet film thickness (µm), TA is temperature air (oc), DP is dew point (oc), ST is surface temperature (oc), RH is relative humanity (%) and DIF is the difference between the ST and DP (oc). Both TSA and sealer coat DFT readings are within DEP specification in addition to all other parameters demonstrating that the CS had the coating applied correctly obtaining an optimum protection thickness against corrosion. Conversely, the inability to control coating thicknesses is revealed as the low and high DFT readings show the wide range of thicknesses measured; this can indicate microscopic stress concentrations that can’t be detected using a microscope as highlighted in section 4.1. It is therefore recommended for a vast range of DFT readings that an electron microscope is used for closer surface analyses. Another disadvantage is that the limited number of DFT readings for both coatings does not ensure that the remaining CS pipe is at the optimum thickness range. 
[bookmark: _Toc9929531]Adhesion Test
Another TSA performance check carried out by refineries and as recommended in the DEP is measuring the adhesion strength between the CS pipe and the Aluminium coating; as previously discussed strong adhesion leads to an optimal component performance against corrosion. This is carried out on one test piece per 100m2 of prepped surface through the use of a test dolly and a suitable glue as shown in figure 16 below:
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Figure 16: Adhesion Test (Malek et al 2013).
The test must have three pull force measurements performed on the coating with a minimum of 7 MPa deemed as a pass (Shell 2017). Below shows another section in the inspection report revealing an adhesion test carried out on TSA:
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Figure 17: Inspection Report from a contractor – Adhesion Test.
Figure 17 shows the three dolly pieces tested with corresponding satisfactory adhesion results of 7.65 MPa, 8.37 MPa and 9.01 MPa respectively. Should the coating of one of these test pieces come off below 7 MPa it is deemed as a failure with exceptions as stated in the DEP. The strong adhesion values demonstrated from this report support the theory that when the thermal spray Aluminum is accelerated towards the CS it spreads, solidifies and bonds with the piping efficiently (Malek et al 2013) and so contributing to the performance against environment corrosion. The disadvantage of this report is that the real components are not being tested for adhesion but continuous satisfactory results on test pieces do however provide some assurance.
[bookmark: _Toc9929532]TSA Cost and Recommendations
Approximate costs for TSA over the old two paint pack system is shown in table 1 below for a 2300m2 component:
[image: ]
Table 1: TSA approximate cost comparison with two pack paint system. 
For both onsite and offsite TSA appliance it is approximately 30% more expensive than the old two pack paint system. However, the two pack system lasts around 7 years before to TSA of 20 years. This means for a system/component with a two pack paint system it is likely to be re-painted two or even three times in a 20 year period with additional costs of scaffolding, materials, hiring and possible piping repairs as demonstrated in figures 6-9. For a worse-case scenario a 100% repair to this 2300m2 component replaced three times within 20 years would cost approximately £585,000; adding the initial coating cost for on-site this makes it 4 times more expensive than applying TSA in the first place. Hence, with the significant quantities of CS pipework at refineries using TSA instead of the two pack system could save millions of pounds. 

This is further reassured from the TSA performance checks refineries ensure are carried out in section 4 but additional tests could be used for further assurance on the inspection reports supplied by the contractors. These include the DEP recommendations that a bend test is carried out on a TSA sample coating alongside a CS pipe ensuring no cracks, lifting or spalling are notable which all affect the performance against environment corrosion. A water spray test is also recommended to be carried out on a TSA surface to ensure no rusting or bleed-thru occur. Lastly, a thorough visual inspection of the TSA application should be carried out at 5-year intervals to again measure the performance of the coating against environmental corrosion. 
[bookmark: _Toc9929533]Conclusions 
A thorough investigation was carried out on TSA applications on CS piping at refineries showing how surface finish, cleanliness, coating thicknesses and adhesion are all critical in the overall performance of the substrate against environment corrosion. In addition, the cost savings from using TSA instead of the two pack paint system is substantial and its effectiveness against environment corrosion shows its advantages. Lastly, short and long term recommendations have been made to improve analyse of TSA performance and measure.
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Notes:- Test Plate done in conjunction with Exchanger Shell
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Pembroke Cogen Cost Comparison - TSA Coating & Two Pack Paint System for the HRSG and stack- Approximately 2300m”.

[Rough Costs

[75a expected ife - 20 years plus.

Blast, T5A & Apply sealer coats OFF-SITE £137,50000 Two Pack Paint System  £105,000.00 Difference TSAV Paint  £32,500.00
B1ast, T5a & Apply sealer coats ON-SITE £163,00000 Two Pack Paint System  £125,000.00 Difference TSAV Paint  £35,000.00
[Paint every Seven vears on-site -two pack pai ‘Depends on the extent of corrosion breakdown af the time of painting se¢ below options

100% of surface area 50% of surface 25% of surface
rwo Pack paint system £125,00000 £62,500.00 £3125000
scatfolding & shesting, Lab + Materials £45,000.00 £45,000.00 £45,00000
Scatfold Weekly Hire = £850.00 per week £25,000.00 £13,000.00 £2,000.00





image1.jpg
Prifysgol Cymru
Y Drindod Dewi Sant

University of Wales
Trinity Saint David





