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Application of Additive manufacturing in Aircraft interiors
Aerospace materials are mainly metal alloys, composites, sheet metals. Aerospace application mainly require high performance, strength or heat resistance, reliability. It is difficult to use additive manufacturing for making structural elements of the plane frame or any engine parts. But additive manufacturing can be experimented for aircraft interiors things we can see as passengers. Things like passenger seat parts, overhead bins, doors, lavatories, galleys and other food equipment. 
I would like to explore options in additive manufacturing about lightweight & stronger materials suitable for general application. Initially we will look at the parts which are not in the direct load path. 
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1.Introduction 

Additive Manufacturing / 3D Printing 

 Additive manufacturing or 3D printing is the process of creating physical parts by printing it layer upon layer. In future we can manufacture very complex products without complex equipment or expensive tooling. Many different kinds of materials will be used in 3D printing technology such as plastic, aluminium, stainless steel, ceramic or some advance alloys. It is already being used in a range of applications from making turbines to toys.   (Schwab, 2017 p70).
Historically most of the parts are manufactured by machining large plates/bars. This process involves metal removal to achieve required size & shape for the final product. This machining process results in large amount of scrap & wastage of raw material. Another popular manufacturing processes needs tools for creating parts e.g., Sheet metal dies, Plastic part moulds, Composite part tools, Vac forming tools. In this manufacturing process we need to invest in manufacturing tools before we see first part. So, such tooling’s can be beneficial if we need large volume of parts.

Additive manufacturing offers lots of new choices to designers and manufacturers. In 3D printing high value materials such as titanium, can save significant amount of material & in turn cost saving over machined parts. When we need parts in less quantity, we don’t have to create any kind of tools in additive manufacturing process. 
GE experimented 3D printing technology to manufacture its fuel nozzle injectors for LEAP jet engine. The nozzle injector is now printed out as single part against previous method of brazing and welding 20 parts together. So, from 20 parts GE brought it down to one. And the new 3D printed nozzle injector is 25% lighter and five times stronger than the previous version. GE has invested about £1.2 billion into additive manufacturing research and already earned more than 300 patents for new powder metals. Expect more companies across all industries to follow GE example.
Singapore Airlines is also an early innovator in 3D printing. Its subsidiary, Singapore Airlines Engineering Company, recently signed a deal with Stratasys company to explore the creation of an additive manufacturing facility for the research, design and production of aircraft parts. (McEleney, 2017)
When we look at the history of Modern additive manufacturing (AM), also known as 3D Printing, it dates to the mid-1980s. In 1986 the first commercial AM fabricator, the SLA-1 was sold by a company called 3D Systems. According to Bourell, precursor AM processes predate modern AM by about 30 years, with examples of lithographic human-scale manufacturing dating to the mid-1800s. Innovation here related heavily to process development as opposed to the creation and application of new materials. After 2009 Additive manufacturing started becoming more and more popular due to different factors. One important reason was expiry of founding patents on AM fabricators. This resulted in affordable process of AM printers mainly based on material extrusion. Second important reason was government focus Additive manufacturing process development as an advanced manufacturing process. AM processes share the following commonalities: use of a computer to store and process geometric information and to drive the fabricator, and deposition of feedstock which is processed as points, lines or areas to create a part. The deposition volume element or voxel is small compared to critical features of the part. Most important fact is Additive manufacturing processes do not require part-specific tooling.


2.Scope for Additive manufacturing in Aviation sector
· Our engineering capabilities are governed by our ability to manufacture. Every time new manufacturing methodology is invented it makes lots of things possible which were impossible before that. One small technological advancement can facilitate the industrial revolution. Additive manufacturing is opening doors to new design & innovative products which were impossible or difficult earlier. 
· Complicated hollow structures can now be manufactured allowing engineers to integrate cooling ducts directly into parts, an incredible useful tool for high temperature parts like turbine blades and rocket nozzles. We can perform something called topology optimization, where we use finite element analysis, a type of stress simulation, to tell us exactly where material is needed.
· Additive manufacturing allows us to create right structure as per our requirement. We can see how hollow bones are formed or hollow structure with cooling ducts integrated into it. Such products allow us save weight, which is beneficial in lightweight structure gain even more performance. Lighter Cars & airplanes can run on less fuels increasing fuel efficiency & reducing carbon footprint. 
· Traditionally machined parts are manufactured from large blocks of raw material to their final form by metal removal method. In this process high amount of raw material is wasted in aviation we measure this waste with the buy to fly ratio. This ratio is the weight of the final part by the weight of the raw material consumed to manufactured it. There are cases where 90% material is wasted till, we achieve final product. E.g., Costly materials like titanium alloy which can cost upwards of £26 /kg and then throwing away 90% of it in the manufacturing process. Additive manufacturing can help is reducing cost of raw material to the large extent. 
· As additive manufacturing become cheaper, faster & more reliable to meet final product requirements, traditional metal removal processes will be less required. This shift in the manufacturing process will change the engineering & manufacturing requirements. Our current machinists, tool setters will be replaced by designers who can work from different part of the world & send design for 3D printing anywhere in the world. New skill sets will be needed to operate 3D printing machines.  (Real Engineering, 2020)

· Supply chain improvements: The benefits of additive manufacturing on supply chains takes many forms. It reduces material waste, simplifies production processes, and the on-demand production offered by additive manufacturing improves supply chain flexibility because the finished product can be manufactured in proximity to the end-user. Additive manufacturing offers improved process flexibility that helps supply chains to respond quickly to fluctuating customer demand, it reduces supply chain risk by providing a contingency plan and helps in reducing logistics, storage costs. It promotes local supply chain & improves overall supply chain management. (Melanie, 2021)




3. Benefits over Traditional manufacturing processes

We have seen that that Additive manufacturing have several benefits

· Additive manufacturing offers Lightweight Design.
· Geometry can be complex.
· Multiple parts can be combined, so less parts in the final product. 
· Parts can be manufactured using local supply chain
· No tooling requirement, so parts can be made quickly as the design is completed.
· Speed-up product development cycle (Safran website, 2020)
· Improved local supply chain 
· Reduced carbon footprint.

Application of additive manufacturing process depends on following criteria. We need to understand impact on cost & time to manufacture, impact on supply chain. Once the parts are made what is strength and durability.

 		Design Vs Manufacturing   Vs supply chain 
Cost      Vs Processing Time Vs Strength & durability
 
For high volume parts we make costly tools. But once tools are available, we can produce any number of parts in very short time. In tooling, initial cost & time involved is high. When volume is low, additive manufacturing can be more economical. Depending on the size and complexity of the part, processing time will change. Additive manufacturing can produce very complex parts in comparatively less time. We can combine multiple parts together, which helps in reducing assembly time & less no. of parts in the final assembly.
Additive manufacturing allows use of local supply chain. Parts can be made locally near end user. This results in reducing logistics. Parts can be made on demand which reduces storage cost. Local supply chain and on demand production helps in reducing carbon footprint. 
Another important factor to consider is strength & durability of final product. Compared to machined or tooled parts, 3D printed parts will have different strength & durability will also change.  

Below graph shows Traditional manufacturing & 3D Printing comparison (output Vs Cost). In traditional manufacturing initial cost is higher because of tooling but as the volume increases cost goes down drastically. But in 3D printing machine costs are very high & with volume cost goes down very marginally. So, considering breakeven of both manufacturing processes decision can be made.
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4. Materials for additive manufacturing 

There are many different materials used in the additive manufacturing process.  
Mainly different types of plastics & different metals are used in additive manufacturing process

Plastics: Plastic material is a compound of polymer & additives that has capability to be shaped or moulded into a desired part. Plastic materials can be listed thermosets, amorphous thermoplastics & semicrystalline thermoplastics. Thermoplastic products have the ability to be continually softened, melted and reshaped/recycled, for instance in injection moulding or extrusion resins. However, thermoset products do not have this property. Amorphous thermoplastic material has no specific molecular structure and is normally a solid, clear, stiff material with low shrinkage. Whereas a crystalline polymer has crystal-like structure. Crystalline polymers are stronger & less fragile compared to amorphous thermoplastics. They have a higher heat distortion temperature. Semicrystalline polymers typically soften over a very small temperature range with a dramatic change in viscosity. While this behaviour is useful for powder bed fusion of plastics, the polymer flow characteristics are difficult to control using material extrusion
Thermosets materials used in additive manufacturing process are composed of monomers, oligomers, photo initiators, and a variety of other additives including inhibitors, dyes, antifoaming agents, antioxidants, toughening agents.

	
Thermoset
(Cannot be melted)

	                                  Thermoplastics 
                                      (Can be melted)

	
	Semi-Crystalline 
(Structured)
	Amorphous
(non-Structured)

	1. Phenolics
2. Epoxies
3. Acrylics
4. Acrylates
	5. Polypropylene
6. Polyamide (Nylon)
7. PET
8. PEEK
9. Chocolate
	10. ABS
11. Polycarbonate
12. Polystyrene
13. Polyetherimide


 		Table 1: Types of Plastic material

Metals: There are limited metals commercially available for additive manufacturing process. 
Titanium, stainless steel, 17-4PH stainless steel and 18Ni300 maraging steel, AlSi10Mg, CoCrMo and nickel-based superalloys are widely used in Additive manufacturing. Some Precious metals such as gold, silver or platinum were used in exceptional cases (e.g., 3D printing of lost wax models). Nowadays selective laser melting (SLM) can directly use these materials.  
There are several reasons for limited uses of metals in additive manufacturing. When fusion is involved, the metals generally must be weldable and castable to be successfully processed in additive manufacturing. The small, moving melt pool is significantly smaller than the dimensions of the final part (typically on the order of 102–104 times smaller). This local hot zone in direct contact with a large and colder area leads to large thermal gradients causing significant thermal residual stresses and non-equilibrium micro- structures. For powdered feedstock, particles should preferably be spherical with a certain size distribution.

Titanium alloys: Titanium alloys are studied in detail in the field of additive manufacturing due to their attractiveness for aerospace applications. Ti-6Al-4V has high strength-to-weight ratio & it is most preferred material for additive manufacturing in Aerospace application. Study of Ti-6Al-4V alloy provides the direct relations between mechanical properties and either processing parameters or microstructure. The most important parameters in determining microstructure and resulting properties are those that influence the thermal history and cooling rates. Minor changes in cooling rates can have major impact on mechanical properties. Process parameters, build geometry and size and surrounding conditions are important factors to consider.


Special materials: Additive manufacturing can be widely used to produce intricate components such as jewellery, dental crowns, and electric connectors with precious metals like gold, silver, palladium and platinum. 
Additive manufacturing can be used to produce components of high melting point, refractory alloys that are difficult to process using conventional methods.  Refractory metal alloys such as tungsten, tantalum, niobium, molybdenum, vanadium, chromium, and rhenium are the highest melting point metals and have BCC or HCP crystal structures. These metals and alloys have unique properties and applications that include high temperature strength, biocompatibility, low thermal expansion, superconductivity, high density and used in structural applications in high radiation environments. Refractory metals are reactive at elevated temperatures and can lose ductility when processed with insufficient shielding from atmospheric contamination.
For many years research is done for building complex structures with these alloys suitable for use in extreme environments in the aerospace and nuclear industries. Additive manufacturing can be major step to expand the use of these materials as it can reduce the need for conventional processing steps, produce commercial shapes and use significantly smaller quantities of expensive materials.  































5. Additive Manufacturing processes

There are different processes which vary in their method of additive manufacturing. These processes are classified as below 07 categories by the American Society for Testing and Materials (ASTM) group (Standard Terminology for Additive Manufacturing Technologies, 2012)


	                                            Additive Manufacturing Processes

	Liquid Processes
	Molten/ Filament Process
	Powder Processes
	Solid Layer Process

	1.VAT Photo polymerization
	3.Material Extrusion
	4.Powder Bed Fusion
	7.Sheet Lamination

	2.Material Jetting
	
	5.Binder Jetting
	

	
	
	6.Directed Energy Deposition
	



                   Table 2:  Adhesion and bonding methods in additive manufacturing

	                                             Additive Manufacturing Processes

	Liquid Processes
	Molten/ Filament Process
	Powder Processes
	Solid Layer Process

	
	
	Powder Bed Processes
	Spray Powder Processes
	

	Liquid Thermal polymerization (LTP)
	Fused Deposition modelling (FDM)
	Selective Laser Sintering (SLS)
	Direct Energy Deposition
	Laminated Object Manufacturing

	Stereolithography (SLA)
	
	Selective Laser Melting (SLM)
	3D Printing (3DP)
	

	Multi Jet Modelling
(MJM)
	
	Electron Beam Melting (EBM)
	
	



                           Table 3: Various additive manufacturing processes
   (Tables created based on Yakout, M 2018. A Review of Metal AM Technologies)

Material extrusion and powder bed fusion and processes use thermoplastic polymers. Both involve thermal layer adhesion but exploit different mechanisms. For material extrusion, amorphous thermoplastics perform most suitably, while semicrystalline polymers are typically used for powder bed fusion.
For the material extrusion process, amorphous thermoplastics are preferred, due to their melt characteristics. These polymers, including popular ABS and PLA, soften over a wide range of temperature up to the so-called glazing temperature, forming a high-viscosity material ideal for material extrusion through a 0.2–0.5 mm diameter nozzle. Material extrusion processes require supporting overhangs that must be removed by post processing. Typically, there are voids between the deposited tracks of extruded material. As a result, mechanical properties may be poor, and anisotropy effects are present.

 Powder bed fusion uses an IR laser (typically a 10 mm CO2 laser) or an IR or UV heat source (lamps) for melting and fusion of mostly semicrystalline powder feedstock. The powder bed fusion process does not require supports for overhangs in the case of plastics due to the support provided by the surrounding powder cake. The build can include multiple nested parts. Almost completely dense, low porosity objects are obtained by adjusting processing parameters. For liquid pressure tight applications, a post infiltration is required. (Bourell, 2017)

For Metal manufacturing Powder bed fusion and directed energy deposition are commonly used. Binder jetting process is also used for metal manufacturing. 
Metal 3D printing and welding are similar processed. In both cases there is effect of localized heat source has on materials. Melting, solidification, solid state phase transformations, residual stress, and distortion occur in both AM and welding processes, and the fundamental mechanisms for each of these effects are the same. AM fabricates a single component that may be later welded or joined to other components. Other differences between welding and AM components tend to be process related. High deposition wire-based AM 
processes may obtain higher cooling rates than typical welds. From the processing perspective, AM is always computer controlled. 
AM has a great advantage in producing intricate parts that are not easily attainable by any other methods. Such high scan speeds are required in powder bed AM to create the desired spatial resolution while avoiding keyhole mode interactions that can produce excessive porosity.




























6. Application of 3D printed parts (Plastic)

Problem statement01: In one Aircraft product Fabric closeouts were used. These fabric closeouts were flimsy & there was FOD concern. Area around the fabric closeouts is exposed. This scenario was not acceptable from security inspection point of view. 

Proposed Solution: In the design fabric closeouts were replaced with moving vacuum formed Kydex material closeouts strips. These closeouts run over each other to provide strength & security. These closeouts cover all the required area. For trial & concept proving purpose it was difficult to use Kydex parts made from proper tooling. Vacuum form tooling lead time is in months & tools are very costly.
3D printing technology was used to produce closeout strips. These strips were made using SLS 3D printing technology. 3D printed parts were produced within very short time. These parts are representative of final Kydex parts in shape & size. It saved high tooling cost & trials were conducted very quickly once the design was ready. 3D printed parts saved time for making costly & long lead time tools. Trials were conducted in very short time & design was improved within short span without investing high amount in tooling.
Once design was finalised, Vacuum forming tools were ordered & then final trials were conducted. 
Limitations: 
· Per unit cost for SLS parts was higher compared to mass produce vacuum formed closeouts.
·  SLS parts are brittle in nature & lack strength.
· In aviation sector there are very strict Flammability requirements. We cannot use any material unless all the required flam tests are passed for the 3D printed material. 
         
Problem statement02: In an aircraft seating product testing, seat failed to meet seatbelt safety criteria. In new design additional safety devices & related mechanism was provided. These all-additional parts needed to be accommodated in the existing available space. 
Solution: Design was modified to suit all existing parts as well as newly added devices& related mechanism. In CAD world design was looking good. But main challenge was to prove it in reality & confirm all the parts are functioning as expected when seat is in motion.
Using metal parts for development is always costly and long lead time activity. Decision was taken to use 3D printed parts for conducting feasibility trials. 3D printed parts were made inhouse overnight. As soon as design was ready. . stl data shared with manufacturing team. MU team provided 3D printed parts within one day.
Trials were successfully conducted. These trials confirmed all layout & packaging of existing & newly added parts. Using 3D printed parts movement of electrical harnesses & soft closeouts were confirmed when the seat was in motion.
Limitations: For real life application we had to use proper metal parts. 
· 3D printed parts are brittle in nature & lack strength.
· In aviation sector there are very strict Flammability requirements. 

Application in Aftermarket: In New product development it is difficult to use 3D printed parts for final application. But many aerospace sector companies are trying to implement 3D printed technology in aftermarket. 
	When products are flying in the air for long time, there are repair & maintenance requirements. In this scenario aftermarket teams are coming up with innovative ideas. Where required quantity is less & existing tooling are not accessible easily, 3D printing solution is found cost effective & quick solution.
Criteria for applying 3D printing technology.
· 3D printing material need to pass Flam certification testing for aerospace application. 
(Ultem is one example of approved material) 
· 3D printed parts need to withstand general load requirements & abuse loads if necessary.
· Volume of required parts need to be low. (As guideline companies are trying to limit the use to 50 quantities. Depending upon size & material used this can vary.)
Application cases meeting above criteria have started using 3D printing technology. Another advantage of 3D printing technology is that we can combine multiple parts together. This saves total assembly time & reduces total parts within assembly.
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                                    3D printing machine 






7. Application of 3D printed parts (Metal)


In last 10-15 years extensive research is happening in the field of Additive manufacturing.  We are gaining extensive knowledge about the additive manufacturing processing parameters on the microstructure and the mechanical/chemical properties of different metals. This makes additive manufacturing valuable method not only for rapid prototyping but also for rapid manufacturing.

1. In past 10-15 years dental industry has started using titanium & CoCr alloys for dental prostheses. By using Selective Laser sintering bespoke dental bridges, crowns are being produced. 
2. Applications of tool steel, e.g., H13, in mould inserts and tools have also been reported for some time. Shortened lead times and new possibilities in the position of cooling channels make the technology quite attractive for this market, e.g., as cooling channels close to the surface that are not producible by conventional technologies can shorten heat and cooling cycles.
3. In aerospace sector there is good potential for additive manufacturing applications. Additive manufacturing offers lightweight parts & manufacturing cost benefits. Efforts are being made for additive manufacturing of structural elements which includes engine parts also.
4. Ti-6Al- 4V is much focused titanium alloy in the aerospace industry. This alloy is under discussion for serial production of brackets parts of the fuel system and many other parts. 
Below diagram shows Fuel nozzles for the GE LEAP aero engine. This part is planned for production volume of 25,000 parts. This 3D printed part using Ti-6Al- 4V is approximately 25% lighter and at the same time stronger than the existing conventional design & manufacturing. In new integrated design existing assembly is built as one piece with optimized interior channels.
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           Fuel nozzle of the LEAP aero engine (From GE Aviation)




5. Ti-6Al-4V is also in the focus of the aerospace industry, under discussion for serial production of brackets, (Child parts of the fuel system) and similar other parts. 
Laser beam melting process is used to produce Ti-6Al-4V bracket for airbus. New topology optimized bionic design is resulting in 30% lighter parts as compared to existing conventionally machined brackets. 
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                Three brackets with support structures
                on a build plate after LBM process                                                Finished part 
             (From Laser Zenturm Nord GmbH and Airbus)



















8. Metal Additive manufacturing: Limitations  


Additive manufacturing is one of the popular technologies today. After detail study & experiments we realised some of the defects in the metal additive manufacturing which limits its application in certain area. These defects can create undesirable variations in the mechanical response of AM parts that presents challenges and opportunities for future work in the AM field
 
Porosity:  Porosity is a common defect found out in the 3D printed parts. Main reason behind this is binding mechanisms are mainly driven by thermal changes, gravitational force & capillary forces without any external pressure. Porosity can be seen as irregular pores. This can happen because of many reasons such as shrinkage, lack of binding or melting or material feed shortage. 

Cracks: Cracking is a serious problem in AM materials forming due to several reasons. 
e.g., Laser based AM metal-based processes produces large amounts of thermal stresses, originating from the rapid shrinkage of the melt pool and high temperature gradients in the solid material. This creates cracks in the final part.

Distortion and delamination: Distortion/deflection is a defect that can originate from the stresses caused by changes in material volume in some cases, deflection may induce delamination, splitting the parts. This depends on the material characteristics, processing parameters and approaches.

Poor surface finish: Poor surface finish is another concern in AM parts. It originates from different factors such as the ‘staircase’ effect associated with layer thickness and building orientation, coarse deposit beads, low tool precision, surface tension or semi-melted powders.
Poor surface finish can even be caused by aging of the used material. Surface roughness can be improved using a smaller deposit bead (or powder) and reduced layer thickness, but this results in reduced production rate. 
Poor surface finish of complex AM components requires post processing operations such as grit blasting, mechanical grinding, laser polishing, chemical etching. These post processing operations increase the production cost

Residual stress: In general, AM residual stress distributions feature high tensile stresses at outer surfaces, balanced by a large zone of compressive stresses in the centre. Stress gradients also develop in the build direction depending on the part geometry, height of the part, and connection 

Balling phenomenon: Balling occurs when the liquid material fails to wet the underlying substrate due to the surface tension. Balling phenomenon causes physical defects such as porosity, micro-cracks or poor surface finish. It also results in a rough and bead-shaped scan track increasing the surface roughness and increasing the porosity.   (Debroy, 2018)






9. Conclusion 	

Aerospace industry has some of the most demanding industry standards in terms of performance. Aerospace industry is one of the first to adopt additive manufacturing. The commercial and military aerospace domain needs flight-worthy components that are made from high-performance materials.
We have seen that plastic 3D printed parts are commonly used for non-structural application in the aerospace industry. Plastic 3D printed parts are widely used for prototyping & concept proving. Ultem 9085 is one of the Flammability certified plastic material which can be used in aircraft interior applications. Ultem 9085 parts are made by using fused filament fabrication.
Aircraft Seating aftermarket departments have started using 3D printed plastic parts where volume is low & 3D printed parts meet strength requirements of that particular application.

In terms of Metal additive manufacturing still improvements are needed. Quality of metal 3D printed parts need to improve in terms of surface finish, cracks, porosity & residual stresses. 

Availability of advance knowledge metal additive manufacturing can increase application in aerospace domain. More accurate & reliable additive manufacturing methods are needed to improve quality of metal parts. (Parts without defects like porosity, cracks, poor surface finish, distortion).
Additive Manufacturing applications in the aerospace space, include environmental control system ducting, custom cosmetic aircraft interior components, rocket engines components and combustor liners. 
Additive manufacturing helps deliver complex, consolidated parts with the enhanced strength that is a pre-requisite in the industry.  It does not merely work as fast prototyping method for economizing in money and time in the development process of the product, but impacts product design, direct component manufacturing, assembling and fixing up in the aerospace area. Additive manufacturing can offer consolidated designs that require less material and overall weight reduction, which is a crucial factor for the aerospace industry.

As an Industry 4.0 student, we will try to find out possible areas of additive manufacturing applications in aircraft seating. We will look for the advance knowledge available in the field of additive manufacturing. 
Additive manufacturing offers waste reduction and energy savings. Our job is to improve existing design with the help of additive manufacturing which will help to deliver lightweight & fuel-efficient product.   
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