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Surface engineering is the branch of engineering that studies the modification of the surface properties while maintaining the properties of the substrate. The treatment of the surface can be carried out utilising various techniques depending on the desired requirements such as coating with another material, chemical modification of physical processing. The coating process involves laying up a layer of a protective material on the surface of the substrate to provide protection against certain conditions. 
The coating process, therefore, involves an interfacial zone between the coating and the substrate. On the other hand, the chemical modification includes processes such as carburising which introduces a diffuse layer of a foreign element, e.g. carbon in this case, with no defined interface. Other surface treatment such as the physical treatment involves processes that do not change the chemical composition at the surface. Instead, such processes increase the strength of the surface by forging processes such as shot peening. 
This process, for instance, provides a compressive layer at the surface that resists cracking under the imposed working conditions. To sum up, all surface treatments (coating, chemical and physical processes) aim at providing protection against oxidation, corrosion, friction and wear as well as cracking while in service (Gawne, 1993). The current report will investigate the coating process and the various aspects related to this technique in terms of strength and mechanical properties. In the current report, the coating applied to steam turbine blades to resist corrosion and provide protection against severe and harsh environments, i.e. temperature and steam, will be investigated.
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The generation of energy in ships and submarines depends on steam turbines. The energy is produced in a closed cycle by evaporating the water to produce high temperature steam that runs a turbine which operates a propeller to move the ship or submarine. The steam turbine contains hundreds of blades that convert the thermal and kinetic energy of the steam into mechanical power. The steam is very corrosive, and this requires a material that has a high corrosion resistance. Moreover, the blades of the steam turbine are made of high temperature alloys to resist the severe temperatures (Ships, 2019), (Steam_Turbines, 2019). The blades are also subjected to high rotational speeds which induce stresses and therefore cracking. An illustration of the steam turbine and the coated blades is shown in Figure 1.
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Figure 1: The steam turbine and blades utilised to generate power.
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[image: ]Corrosion is an electro-chemical process between the metal and the environment, i.e. water and oxygen. The process takes place by surface attack which converts the iron (Fe) into positive ions. These ions move from the anodic site (-) to the cathodic site (+) which makes their combination with water and oxygen possible to form Hydroxyl ions (OH-), Figure 2. These elements react with the ferrous ions to produce ferric oxide, i.e. the brown rust on the surface (Corrison, 2019). 





Figure 2: The corrosion process of steel.
Corrosion has many types such as bimetallic when two different materials are joined together, pitting when holes are formed at the surface of the metal, etc. There are several factors speeding up the corrosion process such as time of wetness and the presence of contaminants such as sulphates from combustion and chlorides when salt exists (Corrosion, 2019). The result of corrosion can lead to failure of components or structures and this requires immediate repair or replacement of parts and this is costly. 
In order to control corrosion, it is necessary to choose the right material for the application, use inhibitors to reduce the level of corrosion or apply coatings and protective layers. The coating forms a shield against the corrosive substances, and this provides an improved life for components (ASM, 2000). There are various types of coatings that can be applied to components as shown in Figure 3, (Gasem, 2019).
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Figure 3: The various coating types that can be applied to components.
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The coating normally involves a material that is less reactive than the substrate. For instance, the steel can be coated with zinc which is less reactive. However, zinc reacts with water and oxygen, but it takes too much time for the zinc layer to diminish. This means that the thickness of the zinc layer should be sufficient to provide a defined service life. Moreover, aluminium can be used as a coating material and its nature provides a protective layer when corrodes by creating an oxide layer on the surface that provides protection, Figure 4, (ASTM, 2006).
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Figure 4: The application of zinc and aluminium coatings to steel.

The thickness of the coating layer ranges between 50 – 100m in order to provide the necessary protection. The coating material can be a barrier coating to prevent corrosive elements to reach the surface, a sacrificial metal which corrodes slowly while protecting the layer underneath, a noble metal to protect the underlying base metal or electrically resistive coating that slows down the electro-chemical reaction (Gasem, 2019). There are certain requirements that the coating material should fulfil such as resistance against chemicals, low moisture uptake, good adhesion, flexibility, i.e. expand and contract in the same rate as the substrate, resistance against impact and abrasion, durability and reasonable cost. However, since these requirements are very difficult to be achieved by a single material, it is very common to have multiple coatings on the surface of the material each of which fulfils certain requirements, Figure5, (Gasem, 2019).
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Figure 5: The application of multiple layers of coatings. 
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Inside the steam turbine, the blades are in continuous rotation at around 3000 rpm and therefore the suffer from high centrifugal loading conditions. In other words, under such conditions, the blades are not only subjected to corrosion and oxidation, but also stress corrosion cracking (SCC) and corrosion fatigue. Under such conditions, the coating might be subjected to cracking if the substrate underneath is not firstly treated as it might lead to complete failure of the blade, Figure 6, (Shanyavskiy, 2014).
[image: ][image: Image result for cracking of blades fatigue]




Figure 6: The failure of a steam turbine blade due to stress corrosion cracking.

In other words, before applying the coating layer, the surface of the blade substrate can be physically treated through the process of ‘shot peening’. This process is normally applied to materials to improve the fatigue life of metallic structures. This process involves exposing the surface to a stream of very small steel shots that are bombarded at very high speeds. The high impact energy of the steel shots causes a thin layer of plastic strain due to compressing the grains at the surface of the blade, Figure 7. This means that the surface layer will be under compressive stress and this slows down the initiation and propagation of cracks and therefore improves the fatigue life of the blades (James, 2010). This process is entirely physical and does not involve any chemical or thermal effects which means that the chemical composition of the material is not affected (Gangaraj, 2014).
[image: Image result for shot peening][image: Related image]


Figure 7: The shot peening process of steam turbine blades.
Moreover, the surface of the material should have a high level of cleanliness and should also be treated in order to enhance the bonding between the coating layer and the substrate. Surface preparation can involve cleaning and treatment with water, steam or alkaline as well as brushing the surface to remove and dust or debris. Moreover, the surface should be dry before applying the coating layer. In addition, the surface can be polished to remove any roughness and debris as this might improve the adhesion of the coating layer and the substrate, Figure 8. When coating starts, it is recommended to obtain a uniform thickness of the coating material in order to ensure consistency and uniformity of thickness throughout the length of the sample (Gasem, 2019). 
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Figure 8: The reduction of irregularities on the surface prior to coating.
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Generally, the material employed for steam turbine blades is mostly chromium steel which contains a high percentage of chromium to resist the harsh and corrosive conditions. Moreover, the material is normally coated through diffusion coating utilising temperature and corrosion resistant materials such as ceramics. This type of coatings provides a thermal barrier coating (TBC) as well as protection against oxidation and corrosion (Hüttel, 2010). 
In the diffusion coating process, the coating is placed on the surface of the material within a chamber at high temperature to cause thermal diffusion of the coating into the top layer of the material, i.e. surface (Galetz, 2015). The resulting component will have a uniform coating layer which is chemically bonded to the substrate, Figure 9. The coating layer will have a diffusion and inter-diffusion zones that are strongly bonded to the substrate (OWI, 2019).
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Figure 9: The diffusion coating process of materials.

In terms of changes to the microstructure, the top layer of the substrate will have a slightly different chemical composition to the core of the material due to the diffused elements from the coating layer. This means that the microstructure and the mechanical properties are also modified when compared to the core of the material, Figure 10. This process of coating is considered thermo-chemical and provides a material of corrosion and oxidation resistance when it comes to steam turbine applications (Abro, 2017). 
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Figure 10: The microstructural changes in diffusion-coated materials.

In terms of ceramic coatings to steam turbine blades, these coatings are considered electrically and thermally non-conductive which makes them good insulators and therefore thermal barrier coatings (TBCs). They have also a high melting point and corrosion resistant (Eskner, 2015). Examples of such coatings include titanium nitrides and chromium carbides. It is very essential to ensure that the coating is compatible with the substrate. In other words, the coating should have a comparable thermal expansion with the base metal to avoid cracking upon heating while in service as this might lead to cracking of the coating layer, Figure 11, (Ceramics, 2015).
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Figure 10: The match of the coating and substrate (left) and mismatch (right) in terms of thermal expansion.

The coating can be applied to the steam turbine blades utilising various methods such as chemical vapour deposition (CVD) whereby a gas of the coating metal is passed along the hot metal that is to be coated. The high temperature allows good bonding between the metal and the ceramic coating that is deposited at the surface (Creighton, 2001). In addition, thermal spraying can be used to coat the steam turbine blades utilising a high temperature heat source like a flame with the coating particles (as powders) fed across the flame gun. The powder particles are then melted and deposited at the surface of the substrate. This provides a very good adhesion and coating properties to the metal, Figure 11, (Zavareh, 2017).
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Figure 11: The CVD method (left) and thermal spraying (right).
On the other hand, diffusion coating involves depositing the protective material on the surface of the base metal prior to heating the whole component in a furnace at around 800-1300oC. This heating process allows the diffusion of the deposited material into the sub-surface layer and this provides an integrated coating layer into the material. This provides a strong layer of coating at the surface that is resistant against abrasion, corrosion and harsh environments, Figure 12, (Han, 2011).
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Figure 12: The diffusion coating method.
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Before coating is employed in service, it is necessary to assess the performance of the coating under the same working conditions utilising destructive testing (DT) methods. That is, tests on a laboratory scale can be carried out to simulate the conditions that are encountered in service. This includes fatigue testing under service temperatures, i.e. thermo-mechanical fatigue (TMF), as well as corrosive environments to investigate the influence of corrosion on the coating. There is the possibility of carrying out combined tests that include fatigue, high temperature and corrosion in the same testing chamber. By doing this, very important information can be derived to define the life of coatings under such severe conditions. On the other hand, tests can include pre-straining the sample to a certain level and investigate the strain at which the coating will crack. In other words, a defined strain is applied to the coated sample after which the coating is inspected under the microscope. 
If no cracks appear, a higher strain is applied and the sample is then inspected. If no cracks are revealed, a higher strain is applied, and so on, until the first crack in the coating is observed and this represents the highest strain level above which the sample should not be exposed, Figure 13, (Curry, 2015). 
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Figure 13: The method of pre-straining the sample until cracks appear.

On the other hand, after the component such as the blades are in service, it is necessary to inspect the coating periodically in order ensure that no cracking is observed using non-destructive testing (NDT) methods. One of the widely used techniques is the acoustic thermography whereby a high energy and low frequency source is used to energise the component. In this case, if a crack is present, the faces of the crack will rub against each other and generate heat due to vibration. In the process, a high resolution and high-speed camera monitors the component and detects any heat generated from any existing cracks, Figure 14, (Abbasi, 2008).
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Figure 14: The acoustic thermography technique for checking cracks in blades.

On the other hand, radiography testing can be utilised to provide an image of the interior structure. In this method, x-ray is used to provide a scan of the internal structure of the component. Any cracks will be easily detected without affecting the status of the component while in service.  Moreover, ultrasonic techniques can be used by sending ultrasonic waves through the component. In case of any cracks or flaws, the waves will be reflected indicating the existence of cracks. This method is widely used to detect such features in coatings and weld lines (Ravichandran, 2007).
[image: Image result for ultrasonic  cracks coating][image: Image result for x ray tomography cracks coating]

Figure 15: The radiography (left) and ultrasonic (right) testing techniques.

[bookmark: _Toc10370669]Implications and Cost

The coating process is expensive in particular when involving advanced techniques. It is also time consuming and needs experience and special equipment. The coating material should appropriately be chosen which requires a massive amount of research and development and this requires extensive funding. Moreover, the failure of structures might be life threatening and damaging which requires governments and industries to ensure that such industries expand and provide safe components. 
There is an increasing demand on the coating industry, and this is evident from Figure 16 wherein there is a steady increase in demand on coatings. Moreover, in Figure 15, it can be seen that there is a massive demand on coatings from engineering applications including the energy sector such as steam turbines as well as automotive and aerospace sectors (GVR, 2017). 



[image: ][image: ]
Figure 16: The demand on the coatings in the US market.

Despite the high cost of advanced coatings, such techniques protect components from damage that might require a significant amount of money for repair. For instance, the damage in the aeroengine or steam turbine blades is very costly in particular if it requires replacement of the damaged blade. However, this cost is significantly reduced when coatings are applied to protect the component. In addition, the coated products provide safety and reflect on a higher demand on such products and this opens the opportunity for competition in the market (EPA, 1998). The coating process should also be sustainable such that it utilises the minimal amount of energy. Some customers take such a fact into consideration when buying products that possibly harm the environment or operators. 
In a recent report, there has been a debate on the feasibility of banning chromium coatings which utilise hexavalent products as they are responsible for lung cancers observed amongst operators. If this process continues, the coating industries which utilise such coatings will suffer from low sales and possibly boycotting their products which might be disastrous to such industries (Chromium_Coatings, 2019). As an example, it has been estimated that corrosion costs the US around $300 billion per year. This cost has been cut to one-third by the application of coatings. The cost that can be added to the coating includes research and development, environmental regulations, technologies, maintenance and the possible need to replace parts or the redundancy of equipment, design and insurance, Figure 17, (Corrosion_Risks, 2000).
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Figure 17: The various costs associated with the coating industry.

[bookmark: _Toc10370670]Discussion

The topic of coatings is very wide and as a case study, the steam turbine has been chosen for this topic. The coating material needs to be chosen appropriately such that it resists the severe conditions in steam turbines. For instance, the high temperatures and moisture mean that the selection of ceramics can be an option to resist corrosion. This is due to the fact that ceramics are strong and do not corrode. Moreover, the surface of the material needs to be prepared such that a very good adhesion is obtained. For instance, leaving debris or small particles on the surface before applying the coating means that the coating might blister or detach while in service. This is because such particles will allow air to be present at these locations and this is not desirable. The coating can include several layers made of various materials in order to achieve the optimum properties. For this purpose, a primer and an intermediate layer can be added underneath the top coat. This provides a stronger shield against corrosion and provides additional properties to the coating. It is also necessary to choose the coating material such that it has the same strain as the base material. If this is not the case, then it means that the coating and the base material will expand at different levels which might cause cracking of the coating. This can be checked using destructive (tensile and fatigue testing) methods as well as non-destructive methods such as ultrasonic and x-ray. These methods allow the engineer to check the strength of the coating and therefore suggest improvements. The selection of the right coating means that cost can be saved while the component is in service. In other words, it is cheaper to have the coating replaced when compared to the actual component. Moreover, the protection of materials while in service means that disasters can be a voided and the complete failure of large components is eliminated or reduced. This saves money over the long-run and also reduces the amount of fatalities. This should always be considered when it comes to engineering design of structures. 
[bookmark: _Toc10370671]Conclusions

The following conclusions can be drawn:
· The coating technique is an advanced method that can be applied to engineering components. This provides a shield against the environment and therefore reduces the chances of corrosion.
· The coating process requires the surface to be prepared, cleaned and treated such that the adhesion between the coating and the substrate is improved. This ensures that the coating will be durable and will not detach from the surface.
· Moreover, the coating layer should be tested prior to application in service. This includes non-destructive and destructive testing to ensure the strength and quality of the coating layer.
· There are various processes for coatings such as CVD, thermal spraying and diffusive coatings. This depends on the application and the material of the coating. 
· As a case study, the blades of the steam turbine have been considered and the characteristics of the necessary coatings have been investigated. This is due to the fact that such environments involve corrosion and high temperatures which affect the strength of the coating.
· While in service, the coating can be inspected utilising various techniques such as acoustic thermography, radiography and ultrasonic techniques. This ensures that the coating is still with high quality and durable.
· Costs might be saved when applying coatings to safety-critical components by eliminating or slowing down the need to replace parts in such applications. Otherwise, there will be the need to change the whole component if failure is observed. 
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