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1. [bookmark: _Toc102468975]Introduction
1.1. [bookmark: _Toc102468976]Aircraft industry and need of the day
Aviation serves as one of modern world’s major solutions when it comes to moving men and material from point ‘A’ to point ‘B’ especially in a large scale, over very large distances and in shortest possible time frames. (Anon., n.d.) Everyday, around 100,000 flights transport over 10 million passengers and around USD18 billion worth of goods. What is important to understand is that the Global Aviation industry produces around 2.1% of all human –induced CO2 emission and 12% of all modes of transportation (Anon., 2020). 

One of the key parameters of aircraft efficiency evaluation is its fuel efficiency.  It is a well known fact that fuel consumption increases almost linearly with the weight of the aircraft. Self weight of the aircraft is a major concern for all aircraft manufacturers.  Every gram of structural weight needs a certain amount of additional fuel weight penalty to carry with it as well. Hence every gram of self weight reduction amounts to reduction of fuel being carried. 

Jet fuel prices have increased circa 115% in over 7 years from $75/barrel in April 2015 to 165$/barrel in April 2022 (IATA, 2022). With growing fuel prices, increasing geo-political concerns regarding fossils fuel extraction & procurement, increased operating costs & reduced profit margins of the airlines and above all increasing environmental concerns regarding the CO2 emissions are pushing the aircraft manufacturers to boundaries to look for ways to increase aircraft operations efficiency and reduce fuel consumption.   Flightpath 2050 urges the aviation industry to reduce consumption of liquid based fuels and in turn reduce CO2 and NOx emissions over the course of the next years to come.

These current and future policies and guidelines require aircraft Original Equipment Manufacturers to look out for ways to make future aircrafts are more fuel efficient both by improving the engine’s fuel efficiency and reduction of weight of structural parts.  

1.2. [bookmark: _Toc102468977]Airframe Materials choices
From the interest of today’s challenges and future readiness it is imperative for aircraft designers and manufacturers to innovate more than ever to reduce overall max takeoff weight of airplanes.  Aircraft industry is investing heavily in research and technology and making massive technological developments with regards to innovative materials, smart design techniques and non conventional part fabrication techniques. They are looking into non standard ways of part fabrication technologies such as Additive manufacturing of metals and polymers, powdered sintered ceramics, light weight composites, to name a few. 

Even with the use of most advanced materials systems like glass and carbon based polymer matrix composites, at least 50% of all modern aircraft structures are still metal made.  Globally, aircraft grade aluminium alloys are generously used in the manufacture of airplanes structures due to their low density (~2.7 g/cm3). Figure 1  shows the extent of use of various materials on different aircraft programmes, predominant being aluminium alloys.
[image: ]
Figure 1 - Distribution of structural materials (Boyer et al., 2015)
Due to aluminium’s inherently low stiffness and strength it takes special design skills, methods and techniques to form aluminium into usable shapes in airplanes to achieve the stiffness and strength needed to sustain design proof and ultimate loads. Working with aluminium is well established as the material and process is around a century old.
Where high strength and stiffness are needed speciality steel alloys are made use of, though sparingly. Steels are roughly thrice as heavy as aluminium (density of steel ~7.85g/cm3) and could be thrice or more as strong as some of the best grade aluminium alloys.

Although steels are well known for centuries and processes are well established, they are usually the last resort for design due to their low specific strength in comparison to aluminium alloys and fibre based composites. The only materials that can be chosen as a mid way solution to both aluminium alloys and steel alloys are the titanium alloys. 


1.3. [bookmark: _Toc102468978]Titanium for Airframe applications
Aerospace grade titanium alloy Ti-6Al-4V is almost as strong as some of the high grade aerospace stainless steels and half as dense (~4.5g/cm3).  Titanium and its alloys have the following advantages while use in airframe structures:
· Weight saving due to high specific strength in comparison to Aluminium and Steel alloys
· Reduction in packaging space. Where packaging space is limited and aluminium would need a larger space, titanium could be a good fit with a slight weight penalty
· Compatibility of Titanium with polymer matrix fibred based composites. Polymer matrix fibre based composites have very low thermals expansion co-efficient.  Coefficient of thermal expansion of titanium is less than half of aluminium alloys and about a third of steels. For composite and metal hybrid airframe structures which are designed to operate at temperature ranges of -50⁰C to +55⁰C, co-efficient of thermal expansion of chosen metals are a very crucial design factor to reduce thermal stresses in the structure.
· Low elastic modulus of titanium alloys in comparison to steels help in special applications such as springs to reduce weight and material still achieve similar load carrying capacity.
· Good corrosion resistance, high fracture toughness
· Very good elevated temperature capabilities. The near  titanium alloy are used in applications of temperature ranges from 500⁰C to 600⁰C
· Cryogenic temperature capabilities. This capability though is not fully utilised in any airframe structure.
Titanium alloys have several advantages over steels and aluminium alloys although, they suffer from some the following disadvantages which make them less attractive as a primary candidate for airframe applications. 
Highly complex process of metal extraction, refining (double refining using Vacuum Arc Remelt VAR process) and high temperature dependency for mechanical processing as well as difficulty in conventional machining makes titanium made parts very expensive and less attractive commercially.
High initial cost of titanium is a major limiting factor in the use of airframe structural applications, especially due to the fact that the other competitive materials for the same application are of significantly lower cost. Unless proven that titanium is an inevitable choice due to weight, strength, packaging etc., titanium would always be a last choice for designers. 



1.4. [bookmark: _Toc102468979]Additive Manufacture of Titanium Alloys – A game changer for use of Titanium in Airframes

 Discusses about the metallurgy of titanium and Titanium as a choice of metallic materials for aerospace applications and why the current and future would not look too different unless advancements in metallurgy and metal processing of finished products is drastically improved. 
State-of-the-art additive manufacturing is envisaged as the breakthrough technology with which its advantages of complex shape making and low material usage will bring in new venues for titanium to be pursued as a potential candidate for airframe part manufacturing.
Conventional manufacturing processes such as milling, drilling, forging, shaping, broaching of parts from cast bar, plates and sheets are inherently subtractive in nature. Material is removed from a large stock by machining of some type and parts are brought to shape.  For some of the intricate parts the starting weight of the billet would be as high as 30 time the finished part weight. This involves large machining time, removal of material creates waste and demands recycling, needs special multi axis NC/CNC machines for machining, limitation on intricacy of part features which reduces the utilisation of full strength capability in design.  The ratio of initial weight to finished product weight is called the buy-to-fly ratio BTF which is high in conventional manufacturing. 

With additive manufacturing one can achieve good control on the shape and layer of the final product and produce intricate parts with more relative ease. While designing parts the designer always has to mind the limitations of the manufacturing. In a conventional manufacturing world this often ends up with a design which is bulky and simple in shape and overall less efficient design in terms of weight and strength required. In designing for conventional methods of manufacture, there is material that is not directly connected to the surface or to any load path and this in design is called the legacy material and unavoidable. If the same part was to be made of AM, the legacy material could be avoided simply by not depositing it during the process and thus providing a significant weight reduction of the part. Just image the amount of load one can reduce on earth by lowering the amount of extraction of necessary minerals.

It is worth noting that most of the general purpose Computer Aided Design (CAD) software’s being used currently by the airframe designers might NOT be capable of designing the parts to remove the legacy material.  However, there are special purpose CAD softwares available and most general purpose CAD software manufacturers are considering developing to include the AM design capability. 
Limitation of high cost is greatly overcome by the primary advantages of AM to utilise less raw material and produce intricate parts. Far less material is used for the exact same requirement of strength and stiffness where conventional manufacture would have used much larger amount. 
See image below from figure 4 of  showing some of the complex geometries achievable from AM.
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Figure 1: AM of intricate titanium parts – Examples

Taking into account the enormous advantages the AM of titanium alloy has on the airframe part manufacture and aircraft industry as a whole; it is worth further understanding and research for proper commercialisation and suitable application, hence the choice of subject for research.


2. [bookmark: _Toc102468980]Challenges to innovation for an airframe manufacturer
Though the state of the art 3D printing or additive manufacturing is a fairly well known, popular and matured technology both in metal and polymer printing, there is a fair bit of hesitation and backlash within the aerospace industry to use them on their flying products. Use related to non structural, non load bearing and non certification critical parts is increasing due to lower risk in part certification. Whereas, for parts that are critical to a flight vehicle structure have several challenges to overcome including:
· Generation of materials data base for use in design and development for specific AM technique/s selected
· General understanding of material behaviour under static, dynamic and fatigue loading
· Mechanical properties and repeatability of properties and part finish in a mass production supply chain
· Adaptation of tools, techniques, IT equipments etc from design to manufacture of AM parts. Current CAD software’s may not be capable of designing AM parts. 
· Flammability concerns and certification 
· Verification, validation and airworthiness certification of new fabrication methodology is a mammoth of a job 
· Development, deployment and maintenance of process specifications related to AM
· Cultural issues, hesitation for innovation and resistance for change

Other non-trivial but genuine challenges to overcome will be

· Study, Selection and development of a viable AM technique for specific design application
· Part finish (anodising, painted, trimmed, leather finish etc), packaging and environmental (moisture ingress, corrosion under acidic environment, etc.) issues
· Part size limitation in AM due to deposition chamber size requirement
· Personal training in design, development and manufacture for the new fabrication technique
· Special skill requirement in design, development, Certification, manufacture, inspection (QC) and installation
· Resistance to change from top management due to financial penalties and risk involved
· Decision of ‘make or buy’ and challenges related to viable supply for the new process
· After market issue such as part durability, replacement 
· Management of change in suppliers of raw material or end product and proof & equivalency of design data and process 
· End of life management, Sustainability and Recycling
· Financial investment for all of the above 
· Supply chain challenges
· Health Safety and Environment (HSE)
· Law, Regulations and Society
For successful rollout, adaptation and implementation of innovation in an aerospace industry each of the above challenges need be amicably overcome.

3. [bookmark: _Toc102468981]Definition of scope of intended research
Previous section lists major challenges that need to be overcome to successfully adopt AM in an airframe design and manufacturing industry. As the list is exhaustive, it is imperative to scope out and define the envelope of research for the easy of handling and increasing the depth of research to create pragmatic value for research outcome. Research will be fully focussed on the following areas of challenges only:
·  General understanding of material behaviour under static, dynamic and fatigue loading
· Material mechanical properties, repeatability and property equivalency of suppliers
· Verification, validation and airworthiness certification of Titanium AM parts and assemblies
· Design office requirements and readiness for AM
· Flammability Concerns and certification 
· Cultural issues with innovation
Some of the basic information are crucial from the point of this research and need to be pre-defined to evaluate the chosen challenges for study. They are therefore considered as standard and kept out of the focus of this study. Those are:
· Choice of alloy is limited to Ti-6Al-4V per 
· Choice of AM method – Selective Laser Smelting (SLM) per
· Part size, finish, supply chain and commercial aspects are disregarded for study
· Personal training, skill development, management decision are disregarded for study
This research requires either an airframe manufacturer itself or a part or assembly supplier to the main airframe manufacturer to be chosen for research. As a specific organisation has not been identified at this stage of study, following assumption are made of the potential organisation of choice purely from the point of outlining the research methods: 
· Selected organisation is either an airframe manufacturer or an Original Equipment Manufacturer (OEM) feeding into an airframer
· Organisation has some prior knowledge and experience of additive manufacturing but not with metals
· Organisation is a Design Organisations Approval (DOA)and has the responsibility to certify its own products by way of test or analysis or both
· Organisation has a fully fledged design office for product development
· Organisation has active funding and interest in the field of Research and Technology for new product development


4. [bookmark: _Toc102468982]Literature Review and Research Methods

This section describes how each of the innovation challenges selected within the scope section be dealt with in detail. Different challenges require different methods of research based on the nature of data being sought from the research.  Hence, this project makes use of a mixed methodology of qualitative and quantitative research. 
4.1. [bookmark: _Toc102468983]Titanium additive manufacturing and material behaviour under load
Understanding the material behaviour under critical design loading criteria is of paramount important whilst using them on structural bit of the aircraft structure. Aircraft structures are subject to multitudes of loads ranging from static, dynamic, cyclic, impact, abuse to thermal and aerodynamic.  Evaluates the static and dynamic compressive strengths of porous implants made from titanium AM. An analytical overview of effects of fatigue parameters on the fatigue life of AM parts has been looked at. 
Enough work seems to have been carryout out in research of the load bearing capabilities of the additively manufactured Titanium alloys both by academicians and industry. A through research of literature would provide enough information and data to summarise the loading characteristics of additively manufactured parts.

4.2. [bookmark: _Toc102468984]Material Characterisation and Qualification
 Reviews the ongoing activities across the globe on the material characterisation of AM titanium alloys as well as brings out some of the key aspects regarding the needs of material qualification a swell. Describes qualification and certification process of design, development and production of custom made titanium implants.  With aerospace materials it is important to understand the latest guidelines from the global airworthiness authorities such as Federal Aviation Administration (FAA) and European Aviation Safety Agency (EASA). A review of these guidelines along with literature survey of past and on-going qualification activities is needed. Some OEM with DOA conducts series of make and break tests and computer simulation to gather data for Material characterisation. A qualitative survey of the certification and material qualification or stress departments may provide more relevant information pertaining to the specific product of the company. Where the company has real vested interest in the development of methodology for serious future use experimentation can be carried out to design, build and test articles to acquire data for analysis.

4.3. [bookmark: _Toc102468985]Verification &Validation
Verification and validation of a new process is an intra disciplinary activity within a company involving departments such as Materials, Stress, design, processes and manufacturing.  A mixture of questionnaire and personal interview based survey would be advisable. Idea would be to run a questionnaire with all stake holders in the verification and validation loop due to the number of participants and hold a structured interview with key engineers and technicians who own the product validation responsibility.
4.4. [bookmark: _Toc102468986]AM and compliance to Airworthiness Requirements as well as Certification
 In April 2015, GE Aviation received its first FAA clearance to use a 3D-printed part in a commercial jet engine. This was one of the first successes and stepping stones in the field of aviation certification through airworthiness authorities.   EASA memorandum outlines the compliance criteria for certification of parts produced using additive manufacturing. 
 Talks through NASA’s way of AM certification road map and describes key topics in the AM certification requirement.   Describes the Systems engineering methodology for roadmap development of AM part certification. 
Review of Regulatory/Certification requirements from both FAA and EASA around AM in general and AM of Titanium in specific is required. Literature review of Regulatory requirement and new technology in highly regulated sectors such as human and animal implants 
Investigation of challenges around Verification, validation and Certification of parts and assemblies made by AM.  Presents in detail the damage tolerance analysis of AM titanium structures and Damage Tolerance certification of them.
Certification departs within a company plays a major part and are the single point of contact for type certification of parts and assemblies. Both literature surveys to understand the legislation and compliance criteria as well as internal questionnaire based survey of certification engineers are advisable to collect the required data to draw a certification road map.

4.5. [bookmark: _Toc102468987]Design office requirements and readiness for AM
Design office requirement has several aspects to it. Important of them being the IT infrastructure required, advance designed software package, skill assessment and training planning. 
Selection of design software package needs review of commercially available CAD systems for AM design capability and their commercial feasibility. Questionnaire based survey is needed to obtain data regarding the available IT infrastructure, skill and training requirement.

4.6. [bookmark: _Toc102468988]Flammability Concerns and certification
Gathering information from flammability certification engineers is key to understanding the flam requirements. Flammability certification department strength is usually a few engineers and hence either a semi-structured questionnaire based survey or an interview based survey can be taken up.

4.7. [bookmark: _Toc102468989]Cultural issues with innovation
Cultural issues within any company are very subjective in nature and depend on various factors including mix of experiences, age groups, skill levels, sex, ethnicity, religion and social beliefs. Due to sensitivity of the subject it would be ideal to conduct interviews where participants are open enough and willing to answer in a face to face interview and questionnaire survey will probably a best where someone would want it done offline. Post processing such data will be a challenging task due to amount data and diversity of subjective responses gathered. It is import to device a way of effectively interpreting the responses without biases and post process to draw valuable conclusions or recommendations for improvement of cultural behaviour and implementation of change and innovation. 


5. [bookmark: _Toc102468990]Results

Selected challenges for this project are both subjective and objective in nature and provide both numerical data and information. For instance, ‘material characterisation and qualification’ provides numerical data in terms of material strength, stiffness and durability related values. Whereas, questionnaire and interview regarding ‘cultural issues with innovation’ provides views, opinions, thoughts, binary responses and feelings, which are non-numeric and subjective in nature.

Quantitative data acquired will be analysed through statistical tools such as tables, charts and graphs and other statistical programmes as required, for instance to derive material allowables for design and qualification, statistical methods such as Anova can be made use of. Results can be presented as %ages, average values, peak values, normal distribution etc.

Qualitative data analysis is more complex due to the vast number of responses possible for a given question. Even with the well structured questionnaire the data can be spread all over the place. Methods such as contents analysis, narrative analysis and discourse analysis will be utilised in grouping of common themes & Patterns, drawing trend lines, opinion poll results, %ages and average values, etc.
6. [bookmark: _Toc102468991]Evaluation
With growing pressure over modern aircrafts to be more fuel efficient and environmental friendly, it is high time for airfamers to look for technologies and processes to improve the design efficiency and reduce their carbon foot print and lower dependency on natural resource as much as possible. 
Current research intends to analyse the shortfalls in the current setup of an airframe manufacturer in adapting to the AM of titanium alloys and to make recommendations and suggest improvements in processes and methods from the outcome of research analysis. 
Current research is highly focussed on certain aspects of challenges in implementation of AM and does not cover the full range of challenges as stated in the challenges section. Further research can be carried out on these areas.
It is interesting to note that there are several other materials such as Magnesium based alloys which are still not fully explored for use with aircraft structures and this is an area of potential research for future study.
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Figure 4. Examples of parts with complex geometries made by powder bed AM. Figure courtesy of
Prof. Xinhua Wu, Monash University, Melbourne, Australia




