Samuel da Rosa – 1707339
`



[bookmark: _Toc43660134]Acronyms
AD - Airworthy Directive 
AOG – Aircraft On Ground
FEA – Finite Element Analysis
FPI - Fluorescent Die Penetrant Inspection
LPT – Low Pressure Turbine
MPI – Magnetic Particle Inspection 
MRO – Maintenance Repair and Overhaul
IPT – Intermediate Pressure Turbine
HPT – High Pressure Turbine
SB – Service Bulletin 


[bookmark: _Toc43660135]Executive Summary 
This report investigates the use of single crystal advanced technology for the application of gas turbine engines, detailing the ‘for’ and ‘resisting’ characteristics of the technology to examine its impact on the aerospace industry and to form an argument for the use of single crystals. 
Firstly, it is important to understand how turbine blades are used within an engine and their relevant operating condition. Military aircraft engines can see turbine temperatures as high as 2,000°C and a stress at 300 MPa. In the early stages of the repot, it is identified that single crystal technology alone is not enough to maintain the current standard of modern turbine performance, but instead being a collaboration of multiple technologies to form one very effective single crystal nickel superalloy turbine blade with ceramic and thermal air channels to prevent blade failure. Part of the discussion investigate the belief that the two primary technologies (single crystals and superalloys) have been developed to the maximum. However, recent research has developed an ultra-high material that is 100°C better temperature capable than the nickel equivalent. 
Secondly, the manufacturing process of a single crystal was examined to show exactly how manufactures form directional solidification and grow a single crystal to eliminate all grain boundaries, thus keeping the energy distortion low to resist particle coarsening. It is evident that the original technology was developed in the late 1960s, but only in the last decade and half has the technology really advanced to the optimum level of today’s standard. 
Thirdly, the design challenges highlighted by Trent 1000 turbine blade failures has provided the evidence to suggest the real difficulty to fine tune the technology to suit the expected life limit design criteria; which is largely affected by high cycle fatigue and disk and shaft vibrations that cause resonance, thus leading to cracking and premature failure to potentially cost Rolls-Royce £2.4billion by the end of 2023. Also, it was suggested that designing a turbine blade to suit all operators needs to be difficult, where large amounts of hot corrosion was experience from engines operated in conditions near to the sea and was caused by molten salt to deplete surface coatings. 
Furthermore, the use of FEA for accurate simulation was discussed but was again was challenged by Trent’s fleet wide turbine blade issue. Manufactures ethics was emphasised by potential catastrophic impacts of inadequate quality control and shortcoming in gas turbine engine’s safety; that can lead to complete failure and blade off at the root to where a high energy blade is released through both the casing containment ring and the aircraft’s fuselage to put passengers and crew in real danger.  
As a result, the use of single crystal blades was critically evaluated on the industry to show the added complexity of crystal orientation that can make the inspection of single crystal difficult for NDT. Likewise, the effects of single crystal blade failures with conjunction of COVID-19 has produced a difficult time for the aerospace industry and the people that work within it; forcing manufactures to take drastic and immediate measures to counteract the rapid restriction of cash flow and revenue.  
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[bookmark: _Toc43660136]Introduction
Different varieties of gas turbine engines are used to propel aircrafts including turboprop, turbofan and gas generators according to (Soares, 2015). Figure 1 presented by (Rice University, 2014) shows the general construction of a gas turbine. It is in the hot section where turbine blades are found that converts kinetic energy of the working fluid into mechanical energy to provide torque to the compressor stages and accessory gearbox systems suggests (Connor, 2019). Figure 2 presented by (Al-Hadhrami, 2011) shows the construction of a turbine blade. [bookmark: _Ref41487094]Figure 1: Gas Turbine Construction

 The higher the turbine inlet temperature, the greater the thermal efficiency of a gas turbine engine and thus more power, however extreme temperatures up to 2,000°C seen in military engines will degrade the average material’s strength according to (Langston, 2018). Superalloys alone are not enough to protect the single crystal blades’ excellent fatigue properties at high temperature and under extreme centrifugal forces, where a blade with an angular velocity of 10,000 rpm is likely to experience tensile stress of 300 MPa, so external low-conductivity ceramic coating and complex internal channels are created to maintain an operating temperature of 1050°C and protect the blades integrity suggests (Connor, 2019) and (Lane, 2011). [bookmark: _Ref41491258]Figure 2: Turbine Blade Example


(Mom, 2013) suggests that a decade ago it was believed that the limit of ‘standard’ superalloy to further increase the turbine inlet temperature had been reached and major turbine efficiency increases needed ceramics. However, both (Asian Scientist Newsroom, 2018) and (Mom, 2013) suggest the potential introduction of ‘MoSiBTiC’ materials will make a gas turbine more efficient. 
Likewise, single crystal technology has been developed for high yield manufacturing, where high quality blades are being produced when compared to the original blades in the 1980s emphasis (Langston, 2018). However, today there are still air worthiness directives issued to life limit turbine blade and AOG for failures that result is ‘blade off’ damage to aircraft fuselage, and potential life-threatening incidents according to (Federal Aviation Administration, 2015) and (Federal Aviation Administration, 2015). 

[bookmark: _Toc43660137]Main Findings
[bookmark: _Toc43660138]Fundamental scientific principles of the technology
[bookmark: _Toc43660139]Overview
Today’s turbine blade technology utilises single crystal nickel superalloys because of the superior ‘creep, stress, melt resistance and thermomechanical’ fatigue capability suggests (UCL Engineering, n.d.). Also, (Swanson, 2002) added corrosion and oxidation resistance to the benefits where the baseline comparison is made against polycrystalline structures. These benefits are supported by (Langston, 2018) stating single crystal airfoils to have nine times more ‘creep strength and thermal fatigue resistance’ relative to its life and three times more corrosion resistance. Figure 4 presented by (University of Cambridge, n.d.) emphasises the difference between the two types of atomic structures, where each single crystal atom has translational symmetry that repeats periodically throughout the turbine blades whole volume; compared to individual crystallites in polycrystal. Also, (Thomas, 2020) suggests that polycrystals have no neighboring grain relationships and hence no periodicity throughout a turbine blade. It is inferred that this polycrystal is the ‘normal solid form’ of a compound. (University of Cambridge, n.d.) states individual crystallites are also known as grains; where between each grain there is a junction referred to as the grain boundary. It is here where defects occur as shown in Figure 3; where distortion has high energy regions unlike the preferred low energy state in a single crystal as (Thomas, 2020) suggests. (Courtney, 2005) infers the low surface energy in gamma prime materials are strongly resist to particle coarsening that would normally degrade properties, but it is also noted that the base particles including nickel, aluminum and titanium are not enough to provide adequate creep resistance. Hence, solute element additives such as chromium, cobalt and molybdenum are used within the material to provide the strengthening to the ‘high-temperature solid-solution’.[bookmark: _Ref40626290]Figure 3: Polycrystal Grain Boundaries
[bookmark: _Ref41495960]Figure 4: Single Crystal vs Polycrystal Blades


According to (UCL Engineering, n.d.) turbine blades are in a high temperature environment and it is here where boundary creep is most likely to occur, and thus (University of Cambridge, n.d.) suggests single crystals do not have grain boundaries so are intrinsically stronger. (UCL Engineering, n.d.) highlights that a turbine blade failure will have a catastrophic and potentially deadly impact to the aircraft and its crew. However, even though (News, 2010) infers the average number of commercial engine failures to be twenty five per year and all are generally not fatal due to aircraft crew being well trained to cope with incidents and operators have strong support from service engineering; it is emphasised that an uncontained engine failure killed 111 people in 1989 and an inflight shutdown caused an aircraft to be ‘ditched’ into the Hudson River in 2009.  



[bookmark: _Toc43660140]Crystal structure
Traditional cast or forge aerofoils invites slippage and formation of voids around grain boundaries, thus leading to a life limiting factor called creep and allowing impurities to diffuse in a regular crystal lattice suggests (Langston, 2018). According to (Mouritz, 2014) creep is permanent distortion and plastic yielding when experiencing elastic loads. (Langston, 2018) emphasises a single crystal benefit of having an ability to resist corrosion and cracks as these are formed at grain boundary; therefore, drastically increasing a turbine blades’ life limit. 
Columnar Grain Blades
Refer to Appendix 1 for columnar grain history. 
‘Spanwise’ contained columnar grains to form a directional solidification process in a vacuum furnace; utilising a vertically mounted heated ceramic mould where molten nickel alloy was poured in from root to tip. (Langston, 2018) shows the base to be a water-cooled copper plate with a knurled face exposed to the molten alloy, whilst being in a temperature-controlled environment to ensure solidification only occurred from the root to tip. (Shank, 1991) suggests the result to be a ‘spanwise’ grain aligning with the blades major stress axis; improving the blades strength and preventing crack propagation perpendicular to span plane. Also, this enabled a increase in small turbine performance and thermal efficiency.  
Single Crystal Blades[bookmark: _Ref43565056]Figure 5: Pigtail

Barry Piearcey discovered that a right-angled bend between the blade and cooled plate known as the ‘starter chamber’ would reduce the number of columnar crystals, further being reduced with a second bend suggests (Langston, 2018). The combination of the two-nighty degree turns and helical is commonly known as a ‘pigtail’ as shown in Figure 5 presented by (Goulette, n.d.). According to (Dong, 2011), it was discovered that a smooth continuous helical channel was a ‘natural substructure filer’ which only emitted a single crystal to start the solidification.
This was the theory but proved difficult in practice requiring precise withdrawal from the temperature-controlled environment to avoid secondary grain disturbance due to localised crystallisation laterally in the mould. (Langston, 2018) emphasises a modern-day manufacturing advantage of single crystals to be a high batch yield rate of late nighty percent, which is far superior over conventional casted blades. Also, it is important to understand how some manufacturing costs have reduced significantly partly due to the development of practical production measurement techniques to enable accurate real time measurement and inspection of single crystal orientation; so manufactures can cope with high throughputs suggests (Goulette, n.d.). An example of a developed technology is X-ray diffraction known as SCORPIO (Single Crystal Orientation Rapid Processing and Interpretation Operation) inspection method to check for inclusions, internal porosity and flashing according to (Lane, 2011).
Refer to Appendix 2 for post processing requirements. 

[bookmark: _Toc43660141]Aerofoil Material
Nickle superalloys retains its strength up to 1050°C, which is eighty percent of the melting point at approximately 1280°C according to (Mouritz, 2014) and (McLean, 2001). Both (Nathan, 2017) and (Mouritz, 2014) reference the strength of aluminum and titanium to rapidly diminishes at thirty or forty percent of the melting point at 150°C and 350°C respectively. (Khanna, 2016) infers that nickel is relatively abundant and inexpensive where compared to other usable materials such as platinum. (Mouritz, 2014) suggests aerofoils can limit an engines performance due to a requirement for lower operating temperature to avoid rapid creep and stress rupture if superalloys are not used. [bookmark: _Ref41130919]Figure 6: Temperature plot for 1000hrs creep life at 150MPa vs year the material technology was introduced 


Originally, single crystal blades were manufactured from existing polycrystalline alloys containing carbon, boron and zirconium; where these materials would localise and segregate near the grain boundaries to provide ‘high ductility and strength for creep resistance at temperature’ suggests (Langston, 2018). However, a single crystal has no grain boundaries and thus produced poor fatigue properties due to the carbon compounds. Therefore, materials designed for single crystals were created to eliminate the aforementioned compounds which provided all the benefits we know today. (Langston, 2018) emphasises in 1980s PWA 1484 was developed by Pratt and Whitney which contained a compound called rhenium. This was formed from copper-molybdeum ore and provides improved melting temperature. Figure 6 provided by (McLean, 2001) indicates the development of nickel superalloy materials ability to resist creep over different development years and suggests an improvement of around twenty percent from 1960s to 2000s. 
According to (James, 2014) nickel alloys have developed through the generations with ‘increasing the amounts of rhenium (Re) and ruthenium (Ru)’ to 6%, improving the creep resistance; but also increasing the blade cost. It can be seen that a 305% increase in manufacturing cost of a turbine blade when comparing data from 2001 to 2020. [bookmark: _Ref41499389]Figure 7: FCC Structure

(Nathan, 2017) suggests when crystallising, a gamma-prime alloy forms a FCC (Face Centred Cubic) structure as shown in Figure 7; ‘face with five atoms, one at each corner and one in the middle’. Under the right conditions, nickel and aluminium combine so that nickel is in the centre of the faces and aluminium in the corners throughout the blade as it forms a single crystal. The blades we use today are creep resistant by controlling the grain size, morphology and orientation suggests (McLean, 2001). (Fukuyama, 2019) supports this by stating nickel alloy’s strength is increased because they contain as aforementioned solute elements, that prevent segregation during solidification to produce microstructural homogeneity and longer stability.   
[bookmark: _Toc43660142]Detailed analysis of the applications 
[bookmark: _Toc43660143]Manufacturing process 
According to (Nathan, 2017) single crystal manufacturing occurs in a vacuum furnace and includes the following processes:
· Stage 1: Lost wax investment casting to create a blade shaped ceramic void.
· Stage 2: Molten metal in poured into the mould and placed in a furnace. 
· Stage 3: Water cooled helical screw, pigtail, is at the base of the mould. 
· Stage 4: Mould is withdrawn from furnace to a cooler chamber. 
· Stage 5: Metal starts to solidify around the cooling plate, where the crystal begins to grow from the pigtail.
· Stage 6: Crystals grow in a straight-line, in the direction that the mould would be withdrawn. The pigtail’s twisted shape eliminates all but the fastest growing crystals.
· Stage 8: The gradual withdrawal of the mould ensures the crystal continues to grow through the melt into the rest of the space and only a crystal with the correct orientation emerges. 
· Stage 9: NDT and post processing to get a blade ready for assembly. 

[bookmark: _Toc43660144]Environment: Design challenges of modern gas turbines
Emission regulations and operating temperature
According to (Gupta, 1997) gas turbine manufactures need to continue in the creation of new technologies to exceed the ozone depletion challenge and reduce NOx and CO. (Bhatia, 2014) suggests a gas turbine without heat recovery systems has an efficiency of thirty five to forty percent. (Bhatia, 2014) highlighted that the low efficiency is attributed to ‘blade efficiency, leakage through clearance spaces, friction, turbulence, fuel burn, etc.’ However, recent efficiency improvements suggested by (Mom, 2013) has been a result of improved materials with higher temperature capability, improved cooling with thermal barrier coating, advanced aerodynamic blade designs and reduction of losses from improved sealing. 
(Asian Scientist Newsroom, 2018) proves that development of turbine blade has not stopped, with the research of ‘MoSiBTiC’ ultra-high temperature material that is far superior to nickel superalloys, being 100°C better temperature capable suggests (Mom, 2013). However, (Asian Scientist Newsroom, 2018) states ‘MoSiBTiC’ is currently in the oxidation resistance validation to ensure exposure to blade environment will not deteriorate the materials excellent mechanical properties.  
Refer to Appendix 3 for ‘MoSiBTiC’ material breakdown.  [bookmark: _Ref41297987]Figure 8:Engine efficiency vs turbine inlet temperature

It is known that a higher operating temperature will improve the efficiency of a gas turbine engine. Therefore, Figure 8 taken from (Mom, 2013) shows a pictorial representation of how efficiency increase with turbine temperature. This proves a turbine blade is one of the limiting factors to optimum efficiency. Thus, it is suggested that further single crystal and superalloy development is welcomed according to (Fukuyama, 2019).  
Oxidation and Corrosion 
Hot corrosion is a major issue for gas turbines that are predominantly used across the sea because of sulfidation in the presence of a molten salt on a substrate; where surface liquid deposits form and consume the turbines blades coating in depletion zones as shown in Figure 10 and Figure 9 presented by (Konter, 2013). Both (Konter, 2013) and (Bose, 2007) suggest the added difficulty for manufactures to design components that suit a wide spread of customers and thus operating conditions and must determine the level of compromise to suit all needs.    
Refer to Appendix 4 for details about corrosion and oxidation.  [bookmark: _Ref43572494]Figure 9: Consumption of coating due to oxidation and interdiffusion
[bookmark: _Ref43572484]Figure 10: Hot corrosion at 700 °C with 3,000hr service exposure



[bookmark: _Toc43660145]Ethical 
(Federal Aviation Administration, 2019) emphasises the importance of quality control during engine overhauls and the importance of adequate engine design. As Figure 12 presented by (Boeing 777 -300ER Emergency Airworthiness Directive, 2019) suggests there is a potential life threatening danger to turbine blades that are exposed to too much heat and thus causing a blade off that ruptured the engines outer case and the aircrafts fuselage. 
(Turbine Interstage Seals, 2019) explains Figure 11 presented by (Wild, 2013) showing how a GE90 engine experienced increased deterioration and failure of its interstage seal. The failure resulted in HPC air bypassing the seal resulting in minimal air flow to cool the turbine blades; thus reducing the thermal barrier and exposing the blades to temperatures beyond their design criteria.   
[bookmark: _Ref41288690]Figure 11: Cooling air flow from interstage seal to turbine blades
Interstage Seal
1st & 2nd Stage Blades
Compressor Air Flow 
[bookmark: _Ref41286761]Figure 12: Uncontained HPT blade failure from GE90 Engine
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(Swanson, 2002) suggests predicting the failure mode of a turbine blade to be complicated.
Refer to Appendix 5 for the reasons why a turbine blade fails and why high cycle fatigue occurs.  
(Maclachlan, 2001) suggests FEA of creep deformation and lifing has reached an advanced stage for single crystal superalloys where it is possible to accurately quantify material performance, predicted macroscopic deformation and life to failure. However, (Nathan, 2019) proves otherwise with HPT and IPT blade premature cracking failures that persists in the Trent 1000. (Rolls-Royce, 2020) states a fleet wide effect resulted is customer dissatisfaction due to ‘AOG’, so Rolls-Royce engineers swiftly looked at introducing new blade designs. It is evident that multiple Rolls-Royce engines are having premature blade failures and continue to pose a health and safety concern as there have been multiple redesigns of same turbine blade, which is highlighted by service bulletins that reduces the life limit as a short term fix from 2,500 and to 1,000 hours. 
Likewise, (Reyhani, 2013) suggests the difficulty for engineers to simulate theoretical stress and temperature failures to what actual service run parts experience. Arguing against this is (Swanson, 2002) suggesting FEA can account for material variation in primary and secondary crystal orientation and thus, provide the ability to control the blades design to improve the resistance to fatigue and crack propagation without adding additional weight and cost. This is supported by (UCL Engineering, n.d.) suggesting FEA is used to refine solidification during manufacturing to improve design quality. 
As a wider thought this does prove a disadvantage to using standardised designs across engine platforms, as all Trent engines including 700, 800 and 900 are having similar issues suggests (Tovey, 2018). Also, (Lane, 2011), an older source, states previously Rolls-Royce have seen large quantities of failures which has increased the demand for rapid turbine blade NDT at both piece part and on-wing level; but states this has proven difficult due to the single crystal grain. 



[bookmark: _Toc43660147]Critical evaluation of the potential strategic impact of the technology on the appropriate industrial / market sector

[bookmark: _Toc43660148]Non-destructive Testing (NDT) 
Single crystal turbine blades provide all the aforementioned benefits for the aircraft operators. However, (University of Cambridge, n.d.) suggest signal crystals are not always perfect where atoms may be dislocated or missing, known as vacancies. Therefore, NDT including MPI and FPI are useful tools to determine if a blade is defected suggests (Kolagat, 2019).
The most recent failure of single crystal blades has brough new challenges to the aerospace industry with added pressure to resolve large customer impacts. In recent years, Eddy current has been created to make inspection of near surface cracks more efficient, but is not very effective for blade attachments and must be performed at piece part level suggests (Zetec, n.d.). With an engine strip costing $250,000 and ‘power-by-the-hour’ contacts to putting more responsibility on the manufactures to provide engine maintenance, it has become more prominent than ever to minimise the cost of MRO according to (Lane, 2011). 
This has produced a need for in-situ inspection to potentially avoid unnecessary repair costs, enabling operators to understand if their fleet can operate under the current turbine blade conditions according to (Lane, 2011). The inspection method uses ultrasonic array to be deployed whilst the blades are attached to the disk; but the restricted access and limited inspection area within an engine has led to previous in-situ attempts to fail. 

[bookmark: _Toc43660149]Effects of COVID-19 when Rolls-Royce struggles for cash flow
The failure in Trent 1000s single crystal turbine blades that have been wearing out faster than Rolls-Royce expected has led to large AOG compensation costs according to (The Telegraph, 2019). Both the (Financial Times, 2019) and (The Telegraph, 2019) suggest the total cost that would be incurred from 2017 to 2023 to resolve the issues is £2.4 billion. (FlightGlobal, 2019) emphasises Warren Easts (RR CEO) acknowledgement of the Trent 100 situation to be ‘unacceptable’, but the does not diminish the future cost due to loss of reputation and business where Rolls-Royce has lost commitment of Air New Zealand and Qatar Airways to General Electric. (Cirium, 2019) that utilises a fleet analyser shows GE engines to be selected for ‘60% of all in-service and ordered’ Boeing 787s. 
As (Rolls-Royce, 2020) suggests the effects of COVID-19 are unprecedented to the aviation industry forcing Roll-Royce to take action to strengthen their financial resilience in an already difficult time. A headcount reduction of 9,000 roles, current employees receiving a ten percent pay deferral and to minimise all indirect costs are all methods being used to keep the company afloat.  
Further investigation shows that Rolls-Royce are having reoccurring issues that were seen back in the 2002 as shown by (Federal Aviation Administration, 2002) stating a failure of the low pressure turbine blades in Rolls-Royce now legacy engine Spey. It would be expected that Rolls-Royce would have learnt from past mistakes but this could be due to new inexperienced and young demographics as well as the difficulty to simulate in-service scenarios of rotational dynamics behaviour, centrifugal loading, high thermal cycles and time dependant behaviours as suggested by (Reyhani, 2013).



[bookmark: _Toc43660150]Conclusion
In conclusion, a gas turbine having a 25,000 hours life between engine overhauls could only occur due to single crystal technology that eliminates grain boundaries, have improved fatigue; thermal life and corrosion resistance suggests (Langston, 2018). 
This is supported by (McLean, 2001) that suggests the progressive increase of gas turbine efficiency is not down to a particular technology but the collective development of crystal, superalloy, thermal ceramic barriers and turbine blade design that work in unison to create a modern gas turbine. The proof that engines have become more efficient can be provided by (Lane, 2011) that states modern gas turbine engines have made reduction in 15% to 20% fuel consumption over the last fifty years. 
The added benefit of a single crystal enables designers to use thinner walls that reduce weight to improve engine spool up times and thermal efficiency to run at higher temperatures. (Mouritz, 2014) states the advantage of single crystal nickel superalloys to have longer service life with higher gas velocity. However, it is evident that manufactures have difficulty with the designing and inspection of single crystals with large costs accumulating from turbine blade failures that have put aerospace companies’ reputation on the line. 
The development of superalloys continues with the potential introduction of ‘MoSiBTiC’ which is classed as an ultra-high temperature material, where there is always scope for future improvement of this advanced technology. A future recommendation for manufacturing companies and going forward it would be good to learn from previous mistakes and design gas turbines of the future with design for maintainability as a high priority, especially as more ‘pay-by-the-hour’ contacts are being sold.   

[bookmark: _Toc43660151]Appendix

[bookmark: _Toc43660152]Appendix 1
According to (Langston, 2018), General Electric did not patent Frank VerSnyder original concept in an important step towards the single crystal blades that we know today. (Shank, 1991) stated that Pratt & Whitney took the opportunity to hire VerSnyder and his casting initiative to orientate the grain boundaries from ‘root to tip’, called ‘spanwise’ direction which was developed in 1966. (Langston, 2018) states this early technology was productionised for defence sector in 1969 to power supersonic reconnaissance ‘SR-71 aircraft’ and for civil sector in 1974. 

[bookmark: _Toc43660153]Appendix 2 
After casting, there is a requirement for post processing of turbine blade, including EDM (Electro Discharge Machining) where blades are submerged in dielectric fluid that is pumped through the system to ‘wash away’ the particles generated from spark erosion to form internal channels to enable effective cooling air to pass through the turbine blade suggests (Nathan, 2017). Also, deburring is required using ‘Flexmill’ to polish and break sharp edges as well as to remove excess material according to (Flexmill, n.d.). 

[bookmark: _Toc43660154]Appendix 3 
According to (Fukuyama, 2019) ‘MoSiBTiC’ has a %mol consistency of 67.5Mo, 5Si, 10B, 8.5Ti and 8.75C. The materials density is higher than nickel alloys at 9 g/cm3, providing improved high temperature strength and room temperature toughness. 

[bookmark: _Toc43660155]Appendix 4 
As the regulations for emissions request for less pollutant turbine engines as suggested by (EASA, n.d.); manufactures are required to push the boundaries of current turbine operating temperatures according to (Gurrappa, 2015). However, a higher operating temperature results in high temperature corrosion; including oxidation and hot corrosion and thus increasing the degradation rate of the material and reducing the turbine blade life limit.  
According to (Bose, 2007) there are two types of hot corrosion, Type I and Type II occurring at 925°C and 700°C respectively. The type seen on a turbine blade depends on a variety of factors including: alloy base material, surface coatings, salt chemistry and corrosion environment. (Bose, 2007) emphasis the challenging environment for turbine blades and states an additional purpose of solute element ‘chromium’ which is very effective at resisting the corrosion. 

[bookmark: _Toc43660156]Appendix 5 
(Maclachlan, 2001) and (Affonso, 2006) suggests ‘high cycle fatigue’ is main cause of turbine blade failures, ranging from blade resonance due to vibrations induced by ‘mechanisms of flow’, such as stalling and surging or from shaft and disc vibrations. (Swanson, 2002) infers fatigue life estimation has a large impact on durability assessment. Hence, it is in the interest of turbine blade manufactures to develop and understand the failure criteria for single crystals; but the difficulty is evident as (Rolls-Royce, 2020) states the intermediate pressure compressor blades would vibrate to a point where it could cause them to crack.
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