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The aviation industry is facing the challenge of reducing fossil fuels and emissions. Fuel 

efficiency is improved by making efficient powerplant systems and lighter aircraft. The 

modern passenger aircraft utilise polymeric and polymeric composite materials to achieve 

lighter structures without compromising strength properties. 

 

The European Union already has legislation to prevent landfilling and to increase the use of 

recyclable materials in the automotive industry. While the older generation aircraft made 

mainly from metallic materials were easily dismantled and recycled into other uses, such a 

process doesn’t yet exist for aircraft made from composite materials. In the upcoming years 

and decades, the industry will have to answer the question of how the retired polymeric 

composite aircraft structures are to be recycled.  

 

One solution to increase the life cycle of polymeric and polymeric composite parts would be 

closed-loop recycling. In this thesis, a closed-loop recycling of polymeric aircraft parts is 

studied. A specimen certified for use in Airbus A350-900 passenger aircraft is tested for its 

material and strength properties and reproduced using additive manufacturing.  

 

The conclusions show that closed-loop recycling is possible for polymeric aircraft parts. 

Future studies could include studying an LCA between virgin and recycled materials for a 

certain part.  
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Ilmailuala kamppailee parhaillaan päästöjen ja fossiilisten polttoaineiden vähentämisen 

kanssa. Polttoainetehokkuutta voidaan parantaa vähäpäästöisillä moottoreilla ja 

kevyemmillä lentokoneilla. Nykyaikaiset matkustajakoneet hyödyntävät polymeerejä ja 

polymeerikomposiittimateriaaleja kevyempien rakenteiden mahdollistamiseksi tinkimättä 

materiaalien lujuusominaisuuksista. 

 

Euroopan Unionin määräykset koskettavat kaatopaikkajätteen vähentämistä ja 

kierrätettävien materiaalien käytön lisäämistä ajoneuvoteollisuudessa. Vanhemman 

sukupolven lentokoneet olivat tehty pääasiassa metallimateriaaleista, ja ne voitiin purkaa ja 

kierrättää uusiin käyttökohteisiin. Samanlaista kierrätysprosessia ei vielä ole olemassa 

komposiittimateriaaleista tehdyille lentokoneille. Tulevien vuosien ja vuosikymmenien 

aikana ilmailuteollisuus joutuu ratkaisemaan ongelman, miten käytöstä poistetut 

komposiittirakenteet kierrätetään. 

 

Ratkaisuksi polymeeristen osien elinkaaren pidentämiseksi esitetään kierrätystä. Tässä 

työssä tutkitaan polymeeristen lentokoneen osien kierrättämistä. Malliosa, joka on sertifioitu 

käytettäväksi Airbus A350-900 matkustajakoneessa tunnistetaan materiaalin 

ominaisuuksien osalta ja uudelleen valmistetaan hyödyntäen 3D-tulostusta. Johtopäätökset 

osoittavat, että polymeeristen lentokoneen osien kierrätys takaisin samaan 

käyttötarkoitukseen on mahdollista. Jatkotutkimuksiksi esitetään kierrätettyjen ja 

neitsytmateriaalien elinkaarianalyysien tekoa ja vertailua.  
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1. Introduction 

Fuel consumption is one of the largest expense items for airline operators due to constantly 

increasing oil prices. In conjunction with ever-growing awareness of climate change, it has 

forced airline operators together with manufacturers to seek ways to reduce fuel 

consumption and emissions. Manufacturers have been tackling this problem by improving 

the technology and efficiency of engines making it possible to reduce the number of engines 

on an aircraft, and lately by making the aircraft structures lighter. Lighter structures require 

less thrust and thus, less fuel.  

 

In 2017, the European Union estimated that direct emissions caused by aviation would 

account for 3.8 % of total CO2 emissions in the EU. In the transportation sector, this would 

account for 13.9 % of the total emissions caused by transportation, which makes aviation the 

second biggest emitter after road transportation. In addition to CO2 emissions, nitrogen 

oxides, water vapour, and sulphate and soot particles at high altitudes released by aviation 

also have an impact on the climate. All EU countries aim to stabilise the CO2 emissions of 

international flights at 2020 levels with the help of the Carbon Offsetting and Reduction 

Scheme for International Aviation (CORSIA) programme. The programme is estimated to 

offset around 80 % of emissions that are above 2020 levels during the period of 2021-2035 

(Reducing emissions from aviation 2022). Airlines are trying to achieve these ambitious 

goals mainly by utilising modern fleets with good fuel efficiency. (Amankwah-Amoah 2020, 

p. 3.) 

 

While the awareness of the aviation sector’s effect on emissions has been addressed in 

airlines, the companies have performed only small actions until lately. Previously, the 

changes towards sustainable alternatives were motivated by such possibilities as increased 

efficiency and external pressure from regulations and policies. It has even been claimed that 

airlines underrate the effects of emissions caused by flying and emphasise the economic 

benefits of better fuel efficiency of newer generation aircraft. Research conducted by 

Hagmann et al. in 2015 studied the sustainability image of airlines through passenger 
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perception. According to the results, the most important factors for passengers in airline 

choice were still related to flight time, flight safety, and pricing. Sustainable attributes were 

also recognised by the passengers in the study, but they didn’t reach the top 5 attributes that 

influenced their choices. (Hagmann et al. 2015, p. 37–38.)  

 

Development of biofuels is one way aircraft manufacturers and airlines among oil refiners 

have been looking into to cut emissions. Gegg et al. conducted interviews on aircraft 

manufacturers, airlines, biofuel producers, and government analysts and concluded that the 

most important factor to develop bio alternatives to jet fuel to reduce carbon emissions was 

legislation and public pressure. The study also indicated that other motivators to develop 

biofuels were external economic factors such as high jet fuel and energy prices as well as 

potential benefits associated with job creation and economic growth with the uptake of 

biofuels. (Gegg et al. 2014, p. 36.) 

 

The corporate social responsibility of airlines has also been in the spotlight. Corporate social 

responsibility (CSR) is defined as the continuing commitment of a business to act ethically 

and to contribute economic development while improving the quality of life for their 

workforce and their families together with the local community and society. In addition to 

employee wellbeing, sustainable activities can be included into CSR. Kuo et al. suggest that 

for some airlines, the biggest driver for CSR has been to use it to improve their brand value 

and reputation, not necessarily to improve environmental matters. This study was conducted 

together with 16 airlines from Asia, America, Europe, and South Africa (Kuo et al. 2016, p. 

186–193). Karaman and Akman also concluded that economic reasons are the biggest 

motivator behind CSR activities for certain Turkish airlines, and that these companies 

participate in CSR activities only for the sake of competition (Karaman & Akman 2017, p. 

187–195). While the sample of this study was rather restricted, it gives a glimpse to the 

mindset of airline management.  

 

In 2009, the International Air Transport Association (IATA) placed the environment as one 

of the top topics in the aviation industry’s agenda together with safety and security. In 

addition to IATA’s recognition of environmental issues, the European Union included the 
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aviation industry in the Emissions Target System (ETS) which targeted to reduce CO2 

emissions to 5 % below the level of 2006 by the year 2020. Civil aviation is driven by 

demand, and therefore the customers purchasing the services also play a part in creating 

pressure to make the industry greener (Hagmann et al. 2015, p. 37–38). In 2011, the 

European Commission gathered a high-level group of aviation researchers to define and set 

goals for the European aviation and aerospace industry to be achieved by 2050. The goals 

were set according to several higher-level topics, among them environmental and 

sustainability targets. The goals for protecting the environment included 75 % reduction in 

CO2 emissions per passenger kilometre, and that all air vehicles should be designed and 

manufactured to be recycled by 2050. (Flightpath 2050.) 

 

The COVID-19 pandemic may impact the airlines’ ambitions and actions towards emissions 

reduction. Amankwah-Amoah proposes that as the pandemic put the majority of airlines into 

survival mode, the ambitious green goals might have been deprioritised and pushed forward. 

However, some airlines may see this as an opportunity when exiting the COVID-19 

pandemic and seeking competitive advantage towards their rivalries. (Amankwah-Amoah 

2020, p. 2-6.) 

 

In principle, there are two ways to reduce emissions in aviation: developing the engine 

technology to reduce fuel consumption and increase the efficiency of engines or reducing 

the overall fuel consumption. The latter can be achieved by reducing the parasitic drag or by 

reducing the weight of the aircraft. (Pantelakis et al. 2020, p. 6.) 

 

The development of highly engineered materials such as Fibre Reinforced Polymers (FRP) 

has helped the manufacturers in the search for lighter aircraft structures. Such materials are 

generally also called composite materials, and they are desirable for aircraft manufacturers 

due to their excellent mechanical properties and low weight. These properties enable 

producing lighter structures and making lighter aircraft, leading to decreased fuel 

consumption. However, composite materials possess one fundamental problem: their 

recyclability is currently poor. In addition, producing these materials requires a lot of energy 

and increases emissions. One major problem with recycled carbon fibre (rCF) is that its 
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mechanical properties are inferior to virgin carbon fibre (vCF), and not always predictable – 

they are dependent on the source material combination and the recycling method itself. Also, 

the recycling of composite materials is affected by financial instability because of the lower 

properties of the recycled material, and because of the lack of suitable applications. It has 

been indicated that currently, the fibre recycling techniques cannot compete with landfilling 

or incineration due to their expenses. This has delayed the wider use of rCF. The majority 

of scientific works discuss development of a certain material recycling process, or a 

recycling path. The current challenge is to develop applications for rCF as well as to develop 

profitable business models together with integration with current waste management 

operations to enable the technically proven benefits of recycling on a large scale. Some 

regulation to guide industries towards recycling might be needed, as landfilling and 

incineration might otherwise continue dominating the end-of-life options of products. (Vo 

Dong et al. 2018, p. 64-70.) 

 

Manufacturing of polymer matrix materials like thermosets and thermoplastics is an energy 

intensive chemical process (Song et al. 2008, p). Manufacturing of composite materials 

requires a lot of energy and resources, and it also produces a considerable amount of 

emissions. As engineering and manufacturing such materials and parts require extensive 

amounts of work and energy, it would be dissipation to dump such material into landfilling 

at their end-of-life. Composite materials are a fairly new material, and thus their large-scale, 

systematic recycling doesn’t yet exist. Because the properties of recycled carbon fibre (rCF) 

are inferior to virgin carbon fibre (vCF), the applications for rCF must be different and/or 

less demanding. 

 

1.1 Polymeric and composite materials in commercial aviation 

Fibre Reinforced Polymeric (FRP) materials entered commercial aviation in the 1960s with 

the introduction of the Boeing 747 jumbo jet. Introduced in 1969, the 747 consisted of 1 % 

of composite materials. In 1972, the European aircraft consortium Airbus introduced its first 

aircraft model A300, which consisted of 4 % composite materials. In the span of 15 years, 

the number of composite materials was tripled when the Airbus A320 was introduced in 
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1987 – it had 15 % of its weight made of composite materials. However, the largest portion 

of the aircraft, 68 %, were still aluminium alloys. These aircraft designs utilised composite 

materials in movable structural parts and secondary structures like flight control panels and 

tail planes. (Pantelakis et al. 2020, p. 3-6; Cauquil 2015.) 

 

The evolution of FRP and the development of their processability enabled introducing 

composite materials in the primary structures of aircraft – fuselage skin, structures, wings, 

and cabin (Pantelakis et al. 2020, p. 6-9). The modern clean sheet aircraft designs such as 

Airbus A350 and Boeing 787 use composite materials more than 50 % of their weight 

(Airbus A350 – Less Weight. Less Fuel. More Sustainable 2022; 787 Dreamliner By Design 

2021). For comparison, the previous generation widebody aircraft such as Airbus A330 and 

Boeing 777 consist of 13 % and 12 % of composite materials of their total weight (Griffiths, 

2005; Cauquil 2015; Airbus A330 2022). For illustration, the materials composition of 

Airbus A350 is shown in Figure 1 below. 

 

 

Figure 1. Materials composition of Airbus A350. (A350 Less Operating Cost. More 

Capabilities. 2022.) 

 

In addition to primary structures, polymeric and composite materials are largely used in 

aircraft interior applications. While cabin items may not be required to withstand high 

structural loads, they must be able to resist passenger use, and in addition are heavily 

regulated with tight fire, smoke, and toxicity requirements. Typically, applications for 



 13 

aircraft interiors are manufactured using thermoplastic or reinforced thermoset materials. 

Large wall and ceiling panels, seat shells and monuments usually have a honeycomb 

structure reinforced with aramid or carbon fibres. These applications include floor and 

ceiling panels, seats, stowages, lavatories, galleys, and different kinds of dividers. (Black 

2006; Pierobon 2018.)  

 

The interior application companies have already implemented recycled materials into their 

products. ExpliSeat, a France based seating company, offers a seat model with some of the 

seat accessories made using recycled carbon fibre. In addition, the seat structure is made of 

carbon fibre tubes besides the traditional aluminium seat structure. (Comfortable, robust and 

light: discover the TiSeat 2022.) 

 

Life cycle assessments of carbon fibre reinforced polymer (CFRP) have been done to study 

the difference between traditional materials and composites, but these analyses don’t 

consider the possible recycling of composite materials. Therefore, the composite materials 

can seem much more energy intensive than traditional materials in the long run. (Song et al. 

2008, p. 1257–1265.) 

 

1.1.1 Composition and properties 

Materials which are combined in several different phases and artificially merged are called 

composite materials. Usually, the matrix material is in continuous phase, and the 

reinforcements are in dispersed phase. When speaking of carbon reinforced composite 

materials, the reinforcement material is carbon. Usually, the carbon reinforcement is in 

fibrous form, either unidirectional, multidirectional, woven, or nonwoven. The 

reinforcement can also be in particle form. The matrix material may be ceramic, metallic, or 

polymeric, or a combination of different materials (Chung 1994, p. 81). This work is focused 

on polymeric and polymeric composite materials. 
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Carbon fibre as reinforcement is desirable due to its high strength and modulus, and low 

density. Comparison between mechanical properties of carbon fibre reinforced composite, 

glass fibre reinforced composite, and two most common aluminium alloys used in aircraft 

structures are shown in Table 1 below. It can be concluded that the ultimate tensile strength 

of unidirectional, fibre reinforced polymeric composite material is nearly three times more 

than that of aluminium alloy, while the composite material’s density is almost half of that of 

aluminium alloys. Glass fibre reinforced polymeric composite material falls in between 

aluminium and carbon fibre reinforced material. Aluminium alloys AA7075 and AA7050 

have been used for example on upper wing panels and wing spars on Airbus A380. 

(Pantelakis et al. 2020, p. 7-10.) 

 

Table 1. Mechanical properties of fibre reinforced composite materials and aluminium 

alloys. (Pantelakis et al. 2020, p. 10.) 

Material Ultimate tensile 

strength [MPa] 

Young’s modulus [GPa] Density 

[g/cm3] 

Carbon fibre reinforced epoxy 

resin (unidirectional) 

1550 137.8 1.55 

Glass fibre reinforced epoxy resin 

(unidirectional) 

965 39.3 1.85 

Aluminium alloy AA7075 570 71 2.80 

Aluminium alloy AA7050 470 72.4 2.77 

 

1.1.2 Market and statistics 

Approximately 158,900 tonnes of carbon fibre was produced globally during the year 2020. 

It is approximated that the amount will increase by 13,800 tonnes by 2021 (Sauer 2021, p. 

4). The global demand for carbon fibre is expected to reach 117,000 tonnes during 2022. 

The majority of carbon fibre processed goes into composite materials. While there is variety 

in the matrix materials, polymeric composite materials form the major part. Due to its 

physical characteristics and considerably light weight, it is considered that the polymeric 

composite materials will continue to grow their share in the industry even more in the coming 
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years. In 2016, the worldwide overall turnover for polymeric composite materials was 

approximately 13.23 billion US dollars. (Witten et al. 2017, p. 26-35.)   

 

The market share between different carbon composites is presented in Figure 2 and Figure 

3 below. 

 

 

Figure 2. Global turnover of composites market by different matrix materials in 2016. 

(Witten et al 2017, p. 34.) 

 

 

Figure 3. Share of different matrix materials in composites market in 2016. (Witten et al 

2017, p. 34.) 
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The growth of the carbon composite demand in the aviation sector has been accelerated and 

stabilised by establishments of new generation passenger aircraft such as Airbus A380, 

Airbus A350, Boeing 787, and 777X, which all utilise CFRP at a high rate. In addition, 

recent activities in the space travel segment, including SpaceX Falcon rockets and ESA/ASL 

Ariane 6 have been using large proportions of carbon fibre composites (Witten et al. 2017, 

p. 39-43). The global turnover of carbon composites in tonnes is presented in Figure 4, and 

global turnover of carbon composites is presented in Figure 5 below. 

 

 

Figure 4. Global carbon composite turnover in kilotonnes as of 2016. (Witten et al 2017, p. 

40.) 
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Figure 5. Global turnover of carbon composites in 2016. (Witten et al 2017, p. 40.) 

 

Aviation and aerospace (including defence) is the largest sector to use carbon fibre 

composites. The share of aviation and aerospace is 30 % of the demand in volume, and 60 

% of the global turnover of carbon fibre composites. The global turnover share of the aviation 

sector is considerably high and may be explained due to higher quality requirements and 

thus higher manufacturing costs that lead to higher prices. The price per kilogram in the 

aviation and aerospace industry for carbon composites was approximately 307 US dollars in 

2016, when in automotive, sport and leisure, and wind energy sector the price was between 

87 and 97 US dollars per kilogram. It can be noted that the pricing in the aerospace industry 

was over three times higher compared to other industries. (Witten et al. 2017, p. 39-43.) 

 

Global plastic production increased until the year 2019, when a total of 368 million tonnes 

of plastic materials was manufactured. Of this, 57.9 million tonnes (approximately 16 % of 

the total amount) was produced in Europe. The total production amount decreased slightly 

in 2020, when the total world plastics production was 367 million tonnes, of which 55 

million tonnes (approximately 15 %) was produced in Europe. Of the total amount, 19 % 

was produced within NAFTA (North American Free Trade Agreement). European plastics 
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manufactured in China. The figures include only virgin plastics, recycled plastic materials 

are not included. (Plastics the Facts 2021.) 

 

Of the European plastics demand, 40.5 %, was used for packaging (commercial and 

industrial) in 2020. Automotive industry was the third biggest end-use market with a share 

of 8.8 % of the total demand. Plastics for mechanical engineering and technical parts were 

included in a segment called “Others” with a share of 16.7 % of the total demand. The 

statistics don’t elaborate whether all plastics used for composite materials are included in the 

segment of “Others”, or whether plastics used for composite materials in the automotive 

industry are included in the “Automotive industry” segment (Plastics the Facts 2021). 

Plastics used by different industries in 2020 are presented in Figure 6 below. 

 

 

Figure 6. Plastics used by different industries in 2020. (Plastics the Facts 2021.) 
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one third. In comparison, the energy demand and direct emissions for iron and steel 

industries in 2017 were a bit under 900 Mtoe and 1200 MtCO2, respectively. (Plastics, the 

circular economy, and Europe’s environment – A priority for action 2021.) 

 

Due to the energy-intensive manufacturing process of plastics and fibre reinforced composite 

materials, the benefits of these materials may be realised only after a long period of use. 

Production of fibre reinforced composite materials is still a relatively new process, which 

has room and opportunities for optimisation and improvements. The energy intensity of these 

materials may be reduced by introducing lower energy raw materials, lower energy 

production methods, and recycled materials. For comparison, conventional steel has been 

manufactured for over 150 years, and the methods have been optimised and improved 

significantly since the beginning. (Quadrennial Technology Review 2015, Chapter 6: 

Innovating Clean Energy Technologies in Advanced Manufacturing 2015.) 

 

Manufacturing of composite materials involves two or more different materials and therefore 

requires more complex processing techniques than processing of one material. After the 

reinforcing and matrix materials are manufactured, they must be integrated into a single 

material. This process might involve for example textile manufacturing and prepreg 

preparation before the integration can take place. The integration processes usually require 

additional materials, chemicals, and energy. This is one of the reasons why composite 

materials are not yet introduced in mass production in the automotive industry for example. 

(Song et al. 2008, p. 1259.) 

 

1.1.3 Waste management and recycling 

In terms of waste classification, carbon fibre reinforced polymeric composite materials are 

considered as non-hazardous or hazardous waste depending on the matrix properties. 

Uncured composite material, like prepreg which is an intermediate product, is considered 

hazardous waste. Cured composite material without any hazardous substances is considered 

non-hazardous waste. (Vo Dong et al. 2018, p. 65.) 
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Currently, neither legislation nor aviation regulation address aircraft-related polymeric or 

polymeric composite waste materials. In comparison, the automotive industry is regulated 

by the European Union waste law directives. According to the directive End-Of-Life 

Vehicles (2000/53/EC), the reusability and ability to recover the materials used in vehicles 

manufactured after 1st of January 2006 must be a minimum of 85 % of the average weight 

per vehicle and of the weight of all vehicles produced within a year. For vehicles 

manufactured after 1st of January 2015 the minimum amount is 95 % of the average weight 

per vehicle and of the weight of all vehicles produced within a year. (DIRECTIVE 

2000/53/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 18 

September 2000 on end-of life vehicles 2000.) 

 

Directive on landfill waste (1999/31/EC) mainly focuses on reducing landfilling. According 

to the directive, starting from 2030 such waste that can be recycled or used for energy 

recovery shall face restrictions on landfilling. Additionally, the directive governs that the 

biodegradable municipal waste going to landfills must be reduced to 35 % of the total weight 

of biodegradable municipal waste produced in 1995. (COUNCIL DIRECTIVE 1999/31/EC 

of 25 April 1999 on the landfill of waste 1999.) The EU Waste Framework Directive 

(2008/98/EC) targets and prepares the EU countries to prevent waste, and guides towards 

re-use, recycling, and recovery of waste. (DIRECTIVE 2008/98/EC OF THE EUROPEAN 

PARLIAMENT AND OF THE COUNCIL of 19 November 2008 on waste and repealing 

certain Directives 2008.) Over 29 million tonnes of plastic waste were collected in Europe 

during 2020. Of the amount, 23.4 %, approximately 6.8 tons, went to landfill and 34.6 % 

was sent to recycling inside and outside Europe. (Plastics the Facts 2021.) 

 

The aircraft currently at their end-of-life phase have been manufactured more than 20 years 

ago, and thus contain much less CFRP than modern aircraft. The newer generation of aircraft 

containing 50 % or more of their weight of CFRP will be phased out during the upcoming 

20 years. This means that applications for recycling and reusing of CFRP must be ready by 

then. (Lefeuvre et al. 2017, p. 265.) It is estimated that by 2050, the commercial aviation 

sector will generate over 500,000 tonnes of carbon fibre reinforced plastic waste, if no 
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actions have been taken towards recycling and reusing before that. The amount of CFRP 

waste generated by the commercial aviation sector was approximately 4,700 tonnes per year 

between 2015 and 2020 – majority of the CFRP waste coming from production residues. It 

is estimated that the amount of CFRP will increase to 9,500 tonnes per year between 2020 

and 2035, once the aircraft manufactured during the 2000s are phased out. After 2035, once 

the first aircraft with the majority of their weight being constructed of composite materials 

will arrive at their end-of-life, the amount of CFRP waste will increase to a rate of 23,000 

tonnes per year. (Lefeuvre et al. 2017, p. 271.) These estimates have been made before the 

COVID-19 pandemic, and do not take the effects of the pandemic into consideration.  

 

The difference in recyclability between older generation aircraft and modern aircraft with 

more composite materials is significant. Finnish airline operator Finnair and its affiliated 

company Finnair Technical Operations dismantled and recycled one of the operator’s oldest 

Airbus A319 passenger aircraft in 2021. The aircraft had entered service around the year 

2000 and retired at the age of 21 years. Of the aircraft, 49.1 % was recycled, the majority of 

material being aluminium, around 15 tonnes. Additionally, 38.5 % of the aircraft was reused 

– components and parts that could be used as spare parts for the rest of the fleet. Also, 7.4 

% of the aircraft was recovered as energy, and 0.8 % of the aircraft was disposed of. Finally, 

4.2 % of the aircraft was used for research focusing on the utilisation of composite materials. 

(Exceeding The Expectations: Finnair’s Airbus A319 Had A 99.2% Recovery Rate 2021; 

Finnair Gets Set To Recycle Its Planes On Home Soil For The First Time 2021.) 

 

Boeing is already testing the use of carbon fibre recycled from its 777 and 787 aircraft 

production lines. The company is already viewing it as one possibility of end-of-life options 

for 787 aircraft when their time comes. A cabin sidewall manufactured of these production 

line recycled materials is already flying in one 737 MAX aircraft called “ecoDemonstrator”. 

At the same time, a part of uncured carbon composite waste from Boeing 777X wing and 

787 manufacturing lines are supplied for ELG Carbon Fibre, from whom Dell Computers 

buys the material to make laptop casings. (Bailey 2021.) 
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As presented in the previous subsections, the global composite materials manufacturing has 

increased continuously during the past years. The continuous increase in the carbon 

composite industry will also increase the amount of carbon composite waste. This presents 

both a problem and an opportunity as well: disposing and recycling of the carbon composite 

material. The amount of carbon composite waste is small when compared to traditional 

materials such as metals, plastics, and paper, but also presents a chance for a business model 

for recycled carbon fibres (rCF). Recycled carbon fibre may be desired due to its lower need 

of energy and resources when compared to those of the production of virgin carbon fibre 

(vCF). (Witten et al. 2017, p. 47.) 

 

Currently, a major amount of rCF is either waste residue or uncured and expired prepreg 

material, and a functioning recycling method already exists there. Usually the recycling is 

done in-house by the same companies that generate the waste. One example of such 

utilisation is the production of BMW i-series, where the rCF is used in the manufacturing of 

rear seat shells and roofs for the cars. In these applications, the characteristics of the material 

can be utilised, but the usage of rCF also makes a contribution to the legal directives such as 

the EU Commission End-of-Life Vehicle directive. (Witten et al. 2017, p. 47.) 

 

It is estimated that in the future, the majority of carbon composite waste will be composites 

with resin materials. Currently, these materials are in use in their associated components, but 

once the parts reach their end-of-life there will be large amounts of carbon composite waste. 

Because of the environmental concerns and demand for sustainable products, it is important 

to continue developing solutions for the recycling of CFRP. Using recycled carbon fibre 

composite materials may have an economic, ecological, and social impact, contributing to 

an effective and desirable image of companies in highly competitive industries. (Witten et 

al. 2017, p. 48.) 

 

Car manufacturers have already been looking into using recycled materials, and some of 

them have recycled materials in place in their production models. Ford has studied the use 

of additive manufacturing production waste in components that are injection moulded, and 

some of these experiments have already been realised in production. For example, fuel-line 
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clips of the Ford Super Duty F-250 have already been manufactured using powder waste and 

old printed parts. The 3D printing waste, powder, and old parts are coming from a company 

working in the dental industry. According to Ford, clips manufactured with this method are 

7 % lighter and cost 10 % less than clips produced using traditional ways. (Keane 2021a.)  

 

German car manufacturer Audi has used recycled materials to print tools and jigs for 

manufacturing. The materials originate from their packaging waste, which is produced into 

filament. It is then fed to the 3D printer which produces tools such as pushers and jigs to 

align Audi logos. (Keane 2021c.) 

 

Back in 2005, the European Commission supported the Process for Advanced Management 

of End-of-Life Aircraft (PAMELA), a project that was established by the European aircraft 

manufacturer Airbus. The objective of the project was to demonstrate that 85 % to 95 % of 

an aircraft and its components could be recycled, reused, or recovered. The project 

succeeded in demonstrating that 85 % of a passenger aircraft was able to be recycled. 

(Process for Advanced Management of End of Life of Aircraft 2022.) 

 

During the past 35 years, around 16,000 aircraft have been retired. It is estimated by ICAO 

(International Civil Aviation Organization) that during the next 10 years there will be 11,000 

aircraft to be removed from service. Given the lack of regulation and the estimated number 

of aircraft to be retired, ICAO has published materials to support airline operators and 

aircraft leasing companies in dismantling and recycling end-of-life aircraft. (Helping 

Aircraft Decommissioning 2022.) The ICAO Best Industry Practices for Aircraft 

Decommissioning manual instructs aircraft dismantlers to comply with airworthiness, waste 

management, and recycling regulations issued by ICAO itself. (Best Industry Practices for 

Aircraft Decommissioning Manual 2018.) 
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1.2 Additive manufacturing 

While the technology is still often referred to as Rapid Prototyping, the technology has 

evolved to the point where parts may be directly manufactured using the very same machines 

from start to finish. One of the strengths of additive manufacturing is that the production 

chain is much less complicated compared to traditional manufacturing methods.  (Gibson et 

al. 2021, p 2.) 

 

With additive manufacturing methods, the manufacturing is completed by adding thin layers 

in succession to one another. Additive manufacturing always starts with a 3D CAD model 

that is imported to the printing software. The printing machine prints the part based on the 

CAD model data. (Gibson et al. 2021, p. 1-2.)  

 

A strength of additive manufacturing is that it can be used to produce complex geometries. 

Also, there is barely any waste material generated during the process as all material is used 

to produce the part. (Gibson et al. 2021, p. 4.) 

 

1.2.1 Processes 

There are several different technologies that can be regarded as additive manufacturing 

methods. A usual way of classifying different technologies is to group them by their baseline 

technology. In such a way, the technologies can be categorised as liquid polymer systems, 

discrete particle systems, molten material systems, and solid sheet systems. (Gibson et al. 

2021, p. 33-37.)  

 

This thesis will concentrate on using a molten material system based method called Fused 

Deposition Modeling (FDM) that also belongs to Material Extrusion (MEX) techniques. In 

FDM, the material is extruded through a nozzle to a platform using pressure. After each 

layer, the platform is moved away by the thickness of the layer. Temperature is used to 
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control the state of the material in MEX processes. The material is preheated to melting point 

to allow controlled flow through the nozzle. Often a curing agent, solvent, or reaction with 

air is utilised to cause the bonding between the printed layers. (Gibson et al. 2021, p. 171-

172.) 

 

The bulk material may be supplied in solid, pellet, powder, or continuous filament form. 

Most often, a derivative of ABS (acrylonitrile butadiene styrene) is used with MEX 

processes. Other materials that go well with MEX are amorphous polymers, as they can be 

extruded in a viscous paste-like form. MEX can be set up to work with composite materials 

using fibre reinforced filaments. (Gibson et al. 2021, p. 188.) 

 

MEX systems have limitations concerning build speed, accuracy, and material density. 

Layer thicknesses thinner than 0.078 mm are not often possible, which may limit features 

and accuracy in certain designs. The nozzle is nearly always circular, which means that sharp 

external corners may not be manufactured. The strength of the technology is its wide 

availability, variety in materials, and low cost of the technology. (Gibson et al. 2021, p. 192.) 

 

Illustration of the MEX process is presented in Figure 7 below. 

 

 

Figure 7. Illustration of material extrusion process. (Dassault Systèmes 2022.) 
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As seen in Figure 7, the MEX process is in principle an extrusion process where both the 

nozzle and the build platform can move. This kind of technology is fairly inexpensive to 

manufacture, and thus there is a wide variety of MEX technology available from cheaper 

hobbyist level machines to industrial level machines.  

 

1.2.2 Applications in aviation 

Additive manufacturing has been in the interest of aerospace part manufacturers and airlines 

already for a long time. The American aircraft manufacturer Boeing has reported using 

additive manufacturing already since 1997. The company said in 2020 that it is flying 

approximately 300 non-metallic 3D printed parts currently, and is looking to increasingly 

replace conventional manufacturing methods with 3D printing. It has already been 

acknowledged by Boeing that to fulfil the customer demands, an inventory of parts must be 

kept up to date – either by the company, or by the customer (airline). This need for storage 

could be reduced with additive manufacturing. (White, 2020.) 

 

General Electric (GE), a manufacturer of aircraft engines, has also been studying 3D printing 

methodologies for aviation applications since 2012. For their current engine programs, such 

as GE9X which is fitted to Boeing 777X and LEAP-1A (manufactured by CFM International 

which GE is part of) which is fitted to Airbus A320neo aircraft, the company uses 3D 

printing to manufacture fuel nozzles. The company has also been looking into manufacturing 

jet turbine rigs with additive manufacturing methods. It is assumed that 3D printing methods 

will help Boeing to save approximately 2-3 million USD per one 787 aircraft. (3D Printing 

in Aerospace & Aviation 2022.) 

 

In 2018, Airbus, together with a company called Materialise manufactured a spacer panel 

for Airbus A320 using 3D printing. While Airbus and its subcontractors had already used 

additive manufacturing in other parts of the aircraft, this spacer was the first additive 

manufactured part that was visible to passengers. Airbus estimated that the part was 15 % 
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lighter than a part manufactured with conventional production methods. The panel was used 

by Finnish airline Finnair on their Airbus A320 fleet. (Bridging the gap with 3D printing 

2018.) 

 

Swedish aircraft manufacturer Saab has been looking into making a container-based 3D 

printing system that could be brought to combat zones to print spare parts to fighter aircraft. 

The company already experimented with 3D printing when producing a skin panel to Gripen 

fighter jet. The panel was made using PA2200 nylon. Printing the parts, especially in out-

stations, would prevent aircraft-on-ground (AOG) situations and reduce the need for 

cannibalisation of parts from other aircraft. (Keane 2021b.)  

 

German aircraft cabin and avionics part manufacturer Diehl has been supplying 3D printed 

curtain headers to Airbus A350 aircraft. The company states that the additive manufacturing 

methods have simplified the manufacturing of the curtain headers and has also helped the 

manufacturer to stop using complex tooling for the part. 3D printing also brings some 

possibilities for the customers to easily customise these parts. (Diehl Aviation Delivers Its 

Largest 3D-Printed Serial Part To Date 2019.) 

 

Also, airlines and their engineering departments have explored additive manufacturing and 

its possibilities. Emirates, an airline from the United Arab Emirates, has been using additive 

manufacturing to produce cabin parts. Since 2014, the company has been exploring the use 

of Selective Laser Sintering (SLS) method, and the produced parts have ranged from video 

monitor shrouds to passenger seats and air vent grills. The airline reports that one of the 

advantages of manufacturing the video monitor shrouds with AM methods is that the weight 

is 9-13 % lighter when compared to traditionally manufactured parts or parts 3D printed 

using Fused Deposition Method (FDM). 3D printing the parts has also helped the airline to 

make their stock management more efficient as the parts can be printed within short notice 

and need for inventory of spare parts or long lead times is not required. (Emirates brings in 

a step change in 3D printing for aircraft parts 2017.) The Emirates 3D printed video shroud 

is presented in Figure 8 below. 
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Figure 8. Video monitor shroud manufactured using additive manufacturing for Emirates. 

(Emirates Uses SLS Printing For Better Fuel Economy and Supply Chain Efficiency 2022.) 

 

Another airline from the United Arab Emirates, Etihad, has also utilised additive 

manufacturing to produce aircraft parts. In 2017, together with Strata and Siemens, Etihad 

Airways Engineering manufactured a monitor frame for Etihad. Etihad stated that key factors 

of additive manufacturing were flexibility during design and short production lead times. 

(Strata, Etihad Airways Engineering and Siemens reveal the MENA’s first 3D-printed 

aircraft interior part 2017.) 

 

Yet another major airline operator, British Airways, said in 2019 that they are exploring the 

possibilities of 3D printing in aviation. The airline visioned that 3D printers would be located 

around the world at airports to reduce maintenance-based delays, and to cut emissions caused 

from spare part logistics. British Airways estimated that parts manufactured using additive 

manufacturing could weigh almost 55 % less than their traditionally manufactured 

counterparts. A prediction of initial parts to be manufactured using 3D printing included 

cutlery, amenity kit products, seat tray tables, aircraft windows, inflight entertainment 

monitors, and seats. (Windows, Tray Tables And Even Planes – British Airways Trials 3D 
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Printing To Improve Punctuality And Reduce Emissions Caused By Flying Spare Parts 

Around The World 2019.) 

 

1.2.3 On-demand business model 

3D printing is mainly used to manufacture complex geometries, or to supply replacement 

parts. The latter option is tempting for many companies and industries because it enables 

giving up costly physical inventory and cuts often complex supply chains and long lead times 

as the replacement part can be manufactured exactly where it is needed. This leads to cost 

savings as warehouse costs and transportation required for logistics is reduced. With reverse 

engineering, additive manufacturing can be utilised to manufacture discontinued parts and 

to custom current designs to increase performance. (Naramore 2020.) 

 

Additive manufacturing technologies enable on-demand manufacturing, which means that a 

replacement part can be produced once a part gets damaged. The aim of on-demand 

manufacturing is that a stock of parts or ordering parts with long lead times is not necessary. 

German national railway company Deutsche Bahn has been using additive manufacturing 

technologies to produce obsolete parts and parts with poor availability. They have also 

utilised additive manufacturing to manufacture lighter and mechanically improved parts. 

Together with their additive manufacturing network, Deutsche Bahn has produced and 

replaced broken and unserviceable parts at places where the damage has been observed – 

not necessarily in their maintenance base, but also at outstations. The nature of additive 

manufacturing has helped them to reduce their stock and warehouse sizes. These 3D printed 

parts have varied from coat hooks and headrest frames to fan propellers and turbine paddle 

wheels, using both polymers and metallic materials. (Naramore 2019; Deutsche Bahn AG 

2021.) A fan propeller and a turbine paddle wheel manufactured for Deutsche Bahn are 

presented in Figure 9 below. 
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Figure 9. Fan propeller and turbine paddle wheel produced for Deutsche Bahn by using 

additive manufacturing. (Deutsche Bahn AG 2021.) 

 

The marine industry has also recognised the strengths of additive manufacturing. 

ShipParts.com, a marine equipment and spare parts provider, has announced that they will 

implement additive manufacturing technologies to cut delivery times. In seafaring, 

oftentimes the journey from the spare part origin to the required destination, a port or a 

shipyard, can be extremely long. With additive manufacturing, the part data could be sent to 

the destination – port, shipyard, or even the vessel itself – and the part could be printed there. 

(Naramore 2020.) To achieve this, several marine companies together with DNV GL have 

set up a pilot project, whose goal is to make additive manufacturing more widely available 

for the shipping community. This includes building a digital library of the part files. The 

companies expect more than 50,000 unique parts to be digitalised to be ready for on-demand 

manufacturing. (Ratcliffe 2020.) 

 

The French Army has been 3D printing spare parts for troops in far-away bases. Usually, 

these bases are in desolate regions where supplying parts and equipment is complicated, and 
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additive manufacturing has helped the French armed forces to accelerate deliveries and cut 

transportation costs. 3D printing allows them to get the damaged component back in service 

faster without several days of downtime. The parts these forces have manufactured have 

included protective shells, seals, and optics parts. (French Army 3D Print Spare Parts at 

Remote Bases 2019.) 

 

The US army is using reverse engineering and additive manufacturing to keep the UH-60L 

Black Hawk helicopters airworthy over the coming decades. The helicopter entered service 

in 1979 and has been out of production already for over 15 years. Some of the parts in the 

helicopter model may not be available anymore or may have lead times of several years. To 

avoid such situations, the US army is working with creating a virtual model – a digital twin 

– of the UH-60L helicopter. All structural parts are supposed to be 3D scanned. Later on, 

these 3D models may be used for 3D printing if required. (Simunaci 2020.) 

 

While providing out-of-date parts to helicopters, The US military is also exploring the 

possibilities of additive manufacturing with a bit different approach. Instead of completely 

replacing current supply chains, the US military is also using additive manufacturing in 

parallel to ease parts availability in exceptional situations. The goal is to be able to produce 

a required spare part on the battlefield in a timely manner if such a case would occur where 

the normal supply chain would fail. (Naramore 2020.) 

 

Multinational energy company Shell has a slightly different strategy on additive 

manufacturing. Shell doesn’t pursue manufacturing parts solely by themselves, but aims to 

create a digital library of parts which can be manufactured either by themselves or by their 

partners. This library, or digital warehouse, would reduce lead times and enable 

manufacturing at sites. Conclusively, it will reduce the need to hold and maintain inventory 

of spare parts. There is also a sustainable point of view: manufacturing the parts close to the 

destination reduces emissions caused by transportation. (van Keulen 2021.) 
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1.3 Closed-loop recycling 

Closed-loop recycling is a process where a product is recycled into a new similar product 

without changing the properties of the recycled material. It differs from open-loop recycling 

where the material may be recycled into other product systems, and where the recycled 

material properties may be altered. (SFS-EN ISO 14044, p. 15.) A common example of 

closed-loop recycling is deposit bottles: aluminium, glass, and plastic bottles are recycled to 

be manufactured as bottles again. 

 

Closed-loop recycling shall not be mixed with remanufacturing. In remanufacturing, a used 

part is retained when making a new part, and it retains its general form. In recycling, the part 

is broken into component level, through melting, crushing, or reprocessing, and then remade 

into a new part (What Does Remanufactured Mean? 2022). Remanufacturing often requires 

complete disassembly, inspection, measuring, and cleaning of the old part before it can 

continue its life in a new product. If the old part has any deviations from required 

specifications, it shall not be used. The idea of remanufacturing is old, and the business has 

existed already for decades. Using remanufacturing helps to save in raw materials and 

energy, and at same time reduce emissions (Heikkilä et al. 2020). In aviation, 

remanufacturing is referred to with the term overhaul, and it is usually done for life-limited 

parts such as engines, landing gears, and other components. It is a crucial part of business 

for OEM and MRO companies working in aviation. 

 

Scientific studies have already been done on closed-loop recycling in aviation. Hashemi et 

al. discuss the use of closed-loop supply chain and remanufacturing as a part of 

manufacturing of new components for aviation and provide a mathematical model of closed-

loop supply chain network. These works mainly address remanufacturing and closed-loop 

recycling methods or materials are not analysed. (Hashemi et al. 2016, p. 2136-2147; 

Hashemi et al. 2014, p. 87-95.) 
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Despite efforts in enabling a circular economy in aerospace, only a small proportion of 

aircraft and their parts are currently recycled, and even this small proportion of recycling 

occurs only once the aircraft is retired. In many cases, the aircraft is retired even if it would 

have operational life left due to increasing maintenance costs. Currently, the majority of the 

recycled aerospace materials are supplied into use by other industries, waste companies, or 

landfilled. No major aerospace company is enabling direct recycling within the industry yet. 

It is estimated that if such a business would exist, it would increase the value of the recycled 

material and reduce the need for new raw materials. (A Circular Economy for Civil 

Aerospace 2021.)  

 

Computer manufacturer Dell has utilised closed-loop recycling for its plastic computer 

casings since 2014. The company collects the materials via their partners from recycling 

businesses in the United States of America. These recycled plastics are separated by their 

types and then further processed in their manufacturing facilities. The company claims that 

the blend for new products includes 35 % of recycled content. The process takes about 6 

months from recycling to a new product. Dell states that the closed-loop recycling delivers 

an energy-efficient product with less expensive costs, yielding a benefit worth of 1.3 million 

USD annually when compared to using completely virgin plastics. (Closed-Loop Recycled 

Content 2022.) 

 

1.4 Regulation 

A great challenge in bringing closed-loop recycling into practical use will be in verifying 

and certifying the material used for a part or product. Utilising closed-loop recycling for part 

manufacturing would possess certain opportunities, one of them being the possibility to 

produce parts on-demand. To be able to certify and manufacture a part on-demand, there 

must be confidence that the material has always the same properties despite its origin.  

 

EASA produces documentation to guide design offices in the implementation of EU 

legislation into their designs. Certification of parts and structures for large aeroplanes is 
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guided by Certification Specification CS-25 Large Aeroplanes. By the time of this study, the 

latest amendment of CS-25 is amendment 27. A large aeroplane is defined as an engine-

driven fixed-wing aircraft with more than 5,700 kg maximum certificated take-off weight. 

The specification is divided into several parts, of which Subpart D Design And Construction 

gives guidance to certification of materials used in aircraft parts and structures. The most 

interesting parts for this study are paragraphs CS 25.601 General, CS 25.603 Materials, CS 

25.605 Fabrication methods, CS 25.609 Protection of structure, and CS 25.613 Material 

strength properties and Material Design Values. (CS-25 Large Aeroplanes. 2021.) 

 

Paragraph CS 25.601 states that no part in an aeroplane shall have features or design that 

have been shown by experience to be hazardous or unreliable. There shall be tests conducted 

to show that each design detail is suitable for the planned use (CS-25 Large Aeroplanes. 

2021). While this paragraph leaves room for interpretation, it can be concluded that if 

suitable strength and flammability tests are done properly and the material or part passes the 

tests, the material itself shouldn’t pose any hazards or unreliability.  

 

Paragraph CS 25.603 Materials states that the suitability and durability of the materials used 

for parts must demonstrate that the possible failures that could adversely affect safety must 

be established based on testing, conform to approved specifications that ensure the strength 

and other properties assumed in the design data, and to take into account the possible effects 

of temperature, humidity, and other environmental conditions expected in service (CS-25 

Large Aeroplanes. 2021). The requirements of this paragraph may be fulfilled with suitable 

strength and flammability tests for a given part.  

 

Paragraph CS 25.605 Fabrication methods describes that the methods used to manufacture 

the parts must be able to yield the properties required to ensure a consistent and safe part. 

The paragraph states that certain fabrication method processes can require close control to 

consistently produce safe parts. The AMC (Acceptable Means of Compliance) for 25.605(a) 

states that amongst other methods, additive manufacturing methods are listed as one of these 

fabrication processes (CS-25 Large Aeroplanes. 2021). This can be interpreted such that all 

critical inspection steps and process-controlled steps of additive manufacturing should be 
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substantiated in the certification documentation. These steps could include recording the 

printing parameters, printing steps, and inspections completed for the finished parts. 

 

Paragraph CS 25.609 Protection of structure states that each part of the structure must be 

designed to have protection against deterioration or loss of strength in service due to any 

cause. This also includes effects of weather, corrosion, and abrasion. In addition, a structure 

must have provisions for ventilation and drainage where needed for protection (CS-25 Large 

Aeroplanes. 2021). It can be concluded that parts used in the cabin are not posed to different 

weather conditions nor corrosion or abrasion unless being misused. 

 

Paragraph CS 25.613 Material strength properties and Material Design Values lays out 

requirements that material strength properties must be tested in such a way that they can be 

shown to fulfil approved specifications. It also states that the material design values must be 

chosen to minimise the probability of structural failures due to material variability. Effects 

of environmental conditions are also mentioned in this paragraph (CS-25 Large Aeroplanes. 

2021). For a cabin part, a polymer, composite, or metallic material with suitable strength 

properties should be chosen and the suitability demonstrated with applicable tests. 

 

Paragraph CS 25.853 Compartment interiors lays out the requirement that all materials used 

in aircraft interiors must pass test criteria described in Part I of Appendix F of CS-25. The 

Part I of Appendix F lays out the material test criteria for fire and flammability tests. 

Depending on the end use of the part there are several requirements for average burn lengths, 

average burn times, and drippings. (CS-25 Large Aeroplanes. 2021.) 

 

The AMC 20 Amendment 23 Paragraph 20-29 gives guidance for Composite Aircraft 

Structure. However, this paragraph discusses usage of composite materials in aircraft 

structures, mainly in primary structures. (AMC-20 General Acceptable Means of 

Compliance for Airworthiness of Products, Parts and Appliances, 2022). The interior parts 

that are being discussed in the scope of this work are not part of primary structure.  
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1.5 Outline and scope for the work 

This work studies closed-loop recycling of polymeric aircraft parts as well as using additive 

manufacturing methods to manufacture a new part to similar application using recycled 

material. The sample part used in this work is an EASA and FAA certified aircraft part used 

in a passenger aircraft. 

 

The aim of the study is to recognise the technical aspects, limitations, workflow, and 

business models for closed-loop recycling of polymeric aircraft parts. The technical aspects 

are studied using related standards for materials and strength properties and related material 

tests to recognise the material and required mechanical properties. Literature and aviation 

regulation is used to assess the limitations and business model.   
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2. Methods 

Twelve sample specimens of a part from a passenger seat model that is currently used in 

commercial aviation were analysed to discover the part’s geometry and material properties. 

The geometry was measured and the dimensions were used to make a 3D model of the part. 

The material of the samples was analysed using NIR spectroscopy, Charpy impact strength 

test, and tensile strength tests to identify the original material used for the part. The material 

of the samples was then processed into filament winding to be used in additive 

manufacturing to manufacture a new part. The newly manufactured parts were tested for 

their material and strength properties. 

 

2.1 Sample specimen 

The sample part used for this work was a finger pinch shroud from Safran Seats US Z300 

passenger seat model, the part number for the part being 882630-001B. The seat model is 

certified for use for example in Airbus A350 aircraft. The part is installed to the hinge of the 

arm rest of the seat to prevent passengers accidentally placing their fingers into the hinge. 

The part in question has already been superseded by Vendor Service Bulletin due to its 

tendency to break from the notch area. The part is presented in Figure 10 below. 
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Figure 10. Finger pinch shroud from Safran Seats US Z300 passenger seat. 

 

The part is simple regarding its geometry and thus suitable for the study in the scope of this 

thesis. This kind of geometry is easily measured, reverse engineered, and manufactured 

using 3D printing. 

 

2.1.1 NIR measurements 

NIR measurements were used to recognise the material of the sample parts. NIR stands for 

Near Infrared Spectroscopy and it is a technology where infrared (IR) is pointed towards a 

material and, among other attributes, the material can be identified from the NIR spectra 

provided by the method. (Ozaki & Huck 2021, p. 3-10.)   

 

For this study a Thermo Scientific microPHAZIR PC was used for NIR measurements. The 

device is presented in Figure 11 below. 
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Figure 11. Thermo Scientific microPHAZIR PC used for NIR measurements. 

 

For NIR spectroscopy measurements, the device was pointed towards the sample specimens. 

The screen on top of the device showed a graph and the resulting graph was clearly indicating 

the material to be polypropylene. 

 

2.1.2 Charpy impact strength tests 

Charpy impact strength test is a test where a test specimen is supported from its ends as a 

horizontal beam and subjected to a blow by a striker towards the centre of the specimen. The 

results obtained from the test indicate the impact energy absorbed as the specimen breaks. 

(SFS-EN ISO 179-1, p. 1-4.) 

 

A total of ten sample specimens were manufactured in accordance with SFS-EN ISO 179-1 

by cutting pieces from the original sample parts. According to the SFS-EN ISO 179-1, in the 

method ISO 179-1/1fU the blow direction is flatwise, and the sample shall be unnotched. 

The specimen type used in the method is type 1, where the length of the specimen is l = 80 

± 2 mm, width b = 10.0 ± 0.2 mm, thickness h = 4.0 ± 0.2 mm, and span 62 +0.5/-0.0 mm. 

As the specimens were manufactured from the original sample parts, the thickness deviated 
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from the dimensions given in the standard. The thickness for the specimens were the 

thickness of the sample parts, 2.5 mm. The geometry of the test specimens is presented in 

Figure 12 below. 

 

 

Figure 12. The geometry of Charpy impact test specimens, number 1 presents the blow 

direction. (SFS-EN ISO 179-1, p. 5) 

 

All specimens were conditioned for 16 hours at 23 °C and 50 % relative humidity as defined 

in the SFS-EN ISO 179-1.  

 

The Charpy impact strength for unnotched specimens are calculated with the following 

formula: 

 

𝑎𝑐𝑈 =
𝐸𝑐

ℎ ∗ 𝑏
∗ 103 (1) 
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where EC is the corrected energy absorbed when breaking the test specimen (in joules), h is 

the thickness of the test specimen (in millimetres), and b is the width of the test specimen 

(in millimetres).  

 

2.1.3 Crushing and injection moulding 

For further processing, the ten sample parts used for the Charpy impact strength tests were 

crushed into granules. The first round of crushing was done using a Shini SG-1635N low-

speed granulator. The first round didn’t provide small enough particle size, so the granules 

were crushed again using FRITSCH Pulverizette 14 classic line model granulator. During 

the second process, the material was cooled with liquid nitrogen prior to crushing. The 

granules are presented in Figure 13 below. 

 

 

Figure 13. Sample parts after crushing. 

 

Once the sample parts were crushed, the granules were used in an injection moulding process 

to manufacture sample specimens for tensile strength tests. The material was heated, melted, 

and mixed with a rotating screw. The machine used for injection moulding was a BOY 30 
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with the following parameters used for moulding: melt temperature 170 °C, injection 

pressure 6.9 MPa, and injection time 3 s. 

 

For tensile strength tests, five tensile test specimens were manufactured. The parts were 

manufactured in accordance with SFS-EN ISO 527-2 with specimen type of ISO-EN 527-

2/1BA/50. The test specimen geometry is presented in Figure 14 below. 

 

 

Figure 14. Geometry for tensile strength test specimens. (SFS-EN ISO 527-2, p. 6.) 

 

The corresponding test specimen dimensions in accordance with SFS-EN ISO 527-2 are 

presented in Table 2 below. 

 

Table 2. Tensile strength test specimen dimensions. (SFS-EN ISO 527-2, p. 6.) 

Dimension Description Dimension [mm] 

l3 Overall length ≥75 

l1 Length of narrow parallel-sided portion 30.0 ± 0.5 

r Radius ≥30 

l2 Distance between broad parallel-sided portions 58 ± 2 

b2 Width at ends 10.0 ± 0.5 

b1 Width at narrow portion 5.0 ± 0.5 
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h Thickness ≥2 

L0 Gauge length 25.0 ± 0.5 

L Initial distance between grips l 2 + 2 

 

The sample specimens prior to the tensile strength tests are presented in Figure 15 below. 

 

 

Figure 15. Tensile strength test specimens. 

 

Once the tensile strength test specimens were manufactured, they were pre-conditioned for 

the tensile strength tests. 

 

2.1.4 Tensile strength tests 

In a tensile strength test, a force is applied in an axial direction to a test specimen. The test 

specimen is extended along its major longitudinal axis at a constant speed until the specimen 
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fractures. During the test, the load sustained by the test specimen and the elongation are 

measured. (SFS-EN ISO 527-1, p. 10.) 

 

The tensile strength tests were done in accordance with standard SFS-EN ISO 527-1. A total 

of five test specimens were tested. The specimens were pre-treated in 23 °C and 50 % relative 

humidity for a period of 48 hours, in accordance with SFS-EN ISO 527-1. 

 

A Zwick/Roell Z020 with pneumatic grips was used to conduct the tensile strength tests. The 

control system of the test machine was used to record the results obtained from the tests. 

Figure 16 below presents one of the test specimens during tensile strength tests. 

 

 

Figure 16. One sample specimen during tensile strength tests. 

 

For each test specimen, the width and thickness of the thinnest section were entered into the 

software of the test machine. The software used this information to calculate necessary 
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parameters for each test. The output was used to produce the tensile strength graph shown 

in Chapter 3 Results.  

 

The test specimens after tensile strength tests are shown in Figure 17 below. 

 

 

Figure 17. Tensile strength test specimens after testing. 

 

As seen from Figure 17, three out of five specimens fractured without noticeable plastic 

region. The specimens two and four both showed ductile behavior before final fracture. 

 

2.2 Manufacturing of sample product 

Manufacturing of sample products was done after all the tests related to the identification of 

the source material and its strength properties were completed. Prior to manufacturing, a 3D 
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model of the part was made using a 3DS SolidWorks CAD-software. Once the 3D model 

was made, the file was converted into STL format. Prior to 3D printing, the original sample 

parts were crushed into granules and subsequently manufactured into filament for 3D 

printing. The filament made of the original parts was then used to manufacture sample parts 

using the 3D model. 

 

2.2.1 3D modelling 

A CAD model is required for 3D printing. An original part was measured using a vernier 

calliper, and then modelled using 3DS SolidWorks software. The 3D model followed the 

exact design of the original part for all features apart from the thin hinge area. The in-service 

experience of the original part had shown that the thin hinge is prone to break, and thus it 

was decided that for this prototype that area would be improved. The 3D model is shown in 

Figure 18 below.   

 

 

Figure 18. The 3D model of the part. 

 

For 3D printing, the model was exported to STL format. In STL format, the surfaces of the 

model are approximated using triangles. (What Is An STL File? 2022.) The surface geometry 
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data of a 3D model is encoded in the STL file using a process called tessellation. In 

tessellation, a surface is tiled using one or more geometric shapes in such a way that there 

are no overlaps or gaps in the surface. Often, triangles are used. When exporting the model 

to STL format, it is necessary to define the resolution of the file for desired printing result. 

In general, the smaller and finer the rectangles are (the resolution), the finer quality prints 

can be achieved. Finer quality also leads to larger file sizes. (STL File Format: Everything 

You Need to Know, 2021.)  

  

The model was exported using settings for fine resolution with deviation of 0.064 mm and 

angle tolerance of 10 degrees. The STL exported model is presented in Figure 19 below. 

 

 

Figure 19. The model in STL format. 

 

The rectangles are clearly seen in Figure 19 which presents the STL model. The larger areas 

are formed of large rectangles while the smaller details like radiuses and holes are formed 

by several small rectangles.  
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2.2.2 Making the filament 

The filament was made of granules using Filabot EX2 filament extruder. The extruder can 

be used for polymeric materials such as ABS, PLA, PC, and PS. The material is supplied 

into the extruder via a small hopper in granule form. The granules are fed into a screw which 

is temperature controlled. The screw supplies the material into a nozzle where the filament 

is extruded (FILABOT EX2 FILAMENT EXTRUDER, 2022). The extruder is presented in 

Figure 20 below. 

 

 

Figure 20. The Filabot EX2 filament extruder, material granules can be seen in front of the 

machine. 

 

The filament can be seen in the left-hand side of Figure 20. Once the filament was 

manufactured, it was then supplied into the 3D printing machine. 
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2.2.3 3D printing 

The 3D printing was done using Prenta Duo XL. All five parts were printed using the same 

parameters except for extruder temperature that was around 200 °C for the first part. It was 

then raised to 220 °C for the rest of the parts. Initially, glue was used as the bed coating, but 

it didn’t prove to fix the base of the part successfully. The base of the part was offset to allow 

for a larger area to fix onto the bed and glue was replaced with packing tape as bed coating. 

Figure 21 shows one of the prototype parts being printed. 

 

 

Figure 21. One of the parts being printed. 

 

The parameters used in the printing process are presented in Table 3 below. 

 

Table 3. The parameters used in 3D printing. 

Property Value 

Retraction distance [mm] 2 
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Retraction vertical lift [mm] 0.5 

Retraction speed [mm] 30 

Layer height [mm] 0.32 

Top solid layers 2 

Bottom solid layers 3 

Outline shells 3 

First layer speed 30% 

Brim layers 1 

Brim outlines 10 

Infill 20% 

Infill pattern Rectilinear 

Bed temperature [C] 60 

Extruder temperature [C] 220 

Default printing speed [mm/s] 45 

Filament diameter [mm] 1.55 

Bed coating PP packaging tape 
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3. Results 

This chapter presents the results of the original sample parts and the results of the parts that 

were 3D printed using the material recovered from the original sample parts. The results of 

the original sample parts and parts manufactured using the recovered materials are presented 

in their own sections. 

 

3.1 Sample parts 

The results of material and strength properties recognition of the sample parts are presented 

here. The results of each measurement are laid out in individual subsections. 

 

3.1.1 Charpy Impact Strength test 

As stated in the standard, the arithmetic means of each individual test result were calculated 

together with the standard deviation of the mean value. Clear failures, samples 1 and 10, 

were left out of the calculation. The test results are presented in Table 4 below. 

 

Table 4. Charpy impact strength results. 

Sample Energy 

[kpcm] 

Energy [J] Width [mm] Thickness 

[mm] 

Impact 

strength 

[kJ/m2] 

2 9.80 0.96 10.21 2.56 36.77 

3 10.10 0.99 10.23 2.57 37.67 

4 10.00 0.98 9.99 2.52 38.96 

5 13.20 1.29 10.12 2.57 49.77 

6 10.60 1.04 10.16 2.55 40.12 
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7 10.90 1.07 10.13 2.55 41.38 

8 9.40 0.92 10.16 2.55 35.58 

9 9.20 0.90 10.21 2.59 34.12 

 

The average impact strength without samples 1 and 10 was 39.30 kJ / m2, standard deviation 

being 4.85.   

 

3.1.2 Tensile Strength test 

Stress-strain curve of the tensile test results is presented in Figure 22 below.  

 

 

Figure 22. Results of tensile strength tests. 

 

0

5

10

15

20

25

30

35

40

0 10 20 30 40 50 60 70

S
tr

en
g
th

 [
M

P
a]

Strain [%]

Tensile Strength Tests

Specimen 1

Specimen 2

Specimen 3

Specimen 4

Specimen 5



 53 

The tensile strength test results for the five sample specimens show a yield strength being 

between 33 and 35 MPa for each test specimen. The strain ε was between 7 and 8.1 % for 

all specimens. 

 

3.2 3D printed parts 

A total of seven parts were printed using the material that was recovered from the original 

sample parts. The printed parts are presented in Figure 23 below. 

 

 

Figure 23. Parts manufactured from the recycled material. 

 

The Figure 23 shows the different variation that were printed. After first prints the base of 

the part was extended to allow better attachment to the printer bed. Some of the prints were 

not finished and on these parts the infill pattern is clearly visible. The seventh and most 

successful print is shown in Figure 24 below. 
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Figure 24. Close-up of the seventh print. 

 

The main geometry of the seventh print is comparable to the original part. Surface quality is 

not as fine as in the original parts. Also, the print shows gaps on the top layers and between 

the infill and outlines.  

  



 55 

4. Discussion 

A finger pinch shroud for Safran Seats US seat model Z300 certified for Airbus A350 was 

tested for its material properties, recovered for its material, and reproduced using additive 

manufacturing methods. The material properties were tested using NIR spectroscopy, 

Charpy impact strength tests, and tensile strength tests. The NIR measurements and Charpy 

impact strength tests were done on the actual sample parts while for the tensile strength tests 

the original parts were crushed into material level and the tensile test specimens were 

manufactured from the granules using injection moulding.  

 

The tensile strength tests showed an average yield strength of 33.8 MPa. The average strain 

ε was 7.7 %. When compared to the mechanical properties of polypropylene presented in 

literature and material datasheets, these results align with a typical value of 34 MPa tensile 

yield strength. According to the literature examples, the material seems to be homopolymeric 

polypropylene. (Karian, 1999, p. 8; PP-H, 2019.) 

 

The average impact strength for the eight samples that were considered successful was 39.30 

kJ / m2 with standard deviation of 4.85. Some studies suggest that the impact strength for 

polypropylene in 20 °C would be around 1.5 kJ/m2. There is a slight difference to the samples 

tested herein which were pre-conditioned in 23 °C, but the marginal 3 °C difference in 

temperature does not explain the difference in results. The variation in results might be 

related to different subtypes of polypropylene, different crude material (which is used to 

synthesise the polymer), and also to test specimen configuration (notched or unnotched). 

(Tai et al. 1998, p. 149.) 

 

When compared to a datasheet for polypropylene, one material producer states that it “does 

not brake” when tested for EN ISO 179-1/1eU. The specimens tested in this work were tested 

according to EN ISO 179-1/1fU, the difference being in the blow direction: for EN ISO 179-

1/1eU the blow direction is edgewise while for 179-1/1fU the direction is flatwise. The value 

of 39.30 kJ / m2 for the eight samples tested is quite high and it can be concluded that it 
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aligns with the results of the material producer as the blow direction in this work has been 

towards the weaker direction. (PP-H, 2019.) 

 

A total of seven prints were manufactured from the recycled material with several variations 

in the printing parameters. Best results were achieved by extending the base of the part to 

get a better attachment to the printer bed. The composition of the material was not changed 

during the process – the chemical composition was left untouched, and nothing was added 

to the material composition either. The tensile strength specimens were already reproduced 

from the ground original parts and the tensile strength properties aligned well with tensile 

strength properties of virgin polypropylene. Thus, it can be concluded that the newly 

manufactured parts have equal mechanical, strength, and fire and flammability properties 

similar to the original parts.   

 

The visual appearance, mainly surface properties, of the reproduced parts didn’t match that 

of the original parts. This aligns with studies in the field where similar findings have been 

made when comparing moulded and 3D printed parts. Studies suggest that the appearance 

and surface finish could be improved by altering the design of the part to better suit 3D 

printing and implementing a surface modification process after printing (Kabir et al. 2021, 

p. 11–12). In addition, while printing the sample parts during this work, it was recognised 

that the visual appearance could be improved by reiterating the printing parameters and 

improving the printing process. The process described within the scope of this work is simple 

and straightforward, but with decent resources and time put into the printing process and 

enhancing the parameters, the product could be made to match the original part.  

 

Challenges faced during the process included making the filament, determining the correct 

diameter for the filament, and managing the attachment of the parts to the printing bed. The 

shape of the filament was not perfectly round but more of an oval-like shape. Also, the 

diameter of the filament was not even but varying between 1.2 and 1.7 mm. This variation 

caused some problems during the printing process, mainly by blocking the printing nozzle. 

The problem was not in the material itself but in the actual process of making the filament. 

The filament manufacturing would require refining the parameters and the process. To fix 
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the base of the part well enough to the printing bed would require more detailed printing 

parameter definitions, as already concluded before.  

 

Big questions in bringing this kind of approach of using closed-loop recycling into use in 

the aviation industry are how the certification of parts manufactured from recycled materials 

can be done and would it be economically feasible. To use closed-loop recycling to 

manufacture new parts, the material properties, especially for fire and flammability, should 

be proved to fulfil the regulatory requirements. Would it be viable to use only the recovered 

material, or would it be more feasible to mix it with virgin material? In both cases the 

material certification should be done carefully. In addition, would using closed-loop 

recycling give some economic benefits to the manufacturer for example through lower 

material costs? Also, one point to consider is whether additive manufacturing would be the 

best approach for manufacturing or if using injection moulding would be more feasible. 

 

Certification of the material and the part ensure that the part is airworthy and that it can be 

installed in an aircraft. Certification is a detailed process and all the justification against each 

paragraph of CS-25 must be proved based on test data or certifications provided by the 

material producer. When observing the process of closed-loop recycling of OEM parts, such 

data might not be available. In such a case, the operator who is doing the recycling and 

manufacturing should establish a process for identifying the material, its strength, and 

flammability properties. 

 

An operator could for example gather the recycled materials, perform material identification 

for the materials using NIR spectroscopy, and sort the materials based on their properties. 

Subsequently, the material could be crushed into granules. The granules could be used to 

manufacture test specimens, which are tested for strength, fire, and flammability. If all these 

tests are passed, the material might be useful for the intended use and could be certified. If 

one or more of the tests would fail, the operator would have to look into adding some 

compounds to the material to enhance the desired properties. This kind of process would 

allow on-demand manufacturing when needed. 
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Another way to perform the certification would be to perform the material identification and 

sorting as described earlier, but then to manufacture additional parts which are then tested 

accordingly. A problem with this kind of approach is that every time a part would be required 

to be manufactured on-demand, a test part would have to be manufactured and tested. It 

would make the process slow and possibly expensive. 

 

The automotive industry is already utilising recycled materials, mainly for interior parts or 

parts not affecting driving safety directly. The source of these materials may vary, for 

example Jaguar Land Rover is using polyamide (nylon) recycled from industrial plastic, 

fabric leftovers from clothing manufacturers, and recovered fishing nets. Audi is using 

recycled PET bottles to manufacture fabrics for their car interiors while BMW is using 

manufacturing leftovers in addition to recycled plastic bottles. (Williams, 2020.) 

 

While the economic perspective must be evaluated when studying the use of alternative 

materials, the environmental aspects are as important if not the main priority. There are 

certainly cost benefits in using leftover materials to manufacture new products, but for such 

a large industry as aviation, it is crucial to be able to lower the emissions and energy use in 

manufacturing and operation. This has been recognised in the automotive industry already – 

BMW has stated that the development of electronic vehicles cannot rely only on primary 

materials as using recycled materials helps to reduce CO2 emissions and enables using the 

same materials longer (Williams, 2020).  

 

The importance of the circular economy can be expected to grow more and more in the 

foreseeable future. The regulation related to landfilling and using recyclable materials in 

manufacturing of cars already exists. In the coming years, such legislation might be posed 

on manufacturing of aircraft and related parts. By then, having methods and applications for 

manufacturing products using recycled materials will have great value.  
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4.1 Business model 

Currently, the use of recycled materials for aircraft parts is a fairly new idea. Cabin-related 

parts would be the first applications for such materials due to the looser regulatory 

requirements. Even though parts in the cabin must fulfil several requirements related to their 

strength, fire, and flammability properties, it is easier to tackle those requirements before 

thinking of implementing such materials into primary structures or powerplant-related parts. 

 

It is worthwhile to analyse whose business would the closed-loop recycling of an aircraft 

part be. Three different operators to run this kind of business can be recognised: 

1. Aircraft manufacturer / original equipment manufacturer 

2. 3rd party manufacturer (PMA or MRO) 

3. Airline operator (technical department) 

 

The listed actors would already have the resources for designing and manufacturing, and 

they possess the regulatory qualifications to carry out the designing, manufacturing, and 

certification of the parts. Small airline operators don’t necessarily possess these 

qualifications but for this analysis it is assumed that the airline has its own technical 

department with EASA or FAA qualifications to design and manufacture parts.  

 

Aircraft and original equipment manufacturers are listed here together as more often than 

not the aircraft manufacturers (Airbus, Boeing, Embraer) don’t manufacture the cabin 

products themselves, but instead devise the guidelines for the specifications. Manufacturing 

of the products is usually contracted to a certain specialised manufacturer - for seats for 

example Recaro, Safran Seats US, or B/E Aerospace. The airline operator may choose the 

seats from the aircraft manufacturer’s catalogue when ordering the aircraft. Sometimes the 

airline wants to specify and tailor their own design for seats but usually the aircraft 

manufacturer is involved in this process as well.  
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A company specialised in manufacturing polymeric and polymeric composite materials 

could already possess the required machinery and design capability but would lack 

qualifications which are expensive and laborious to get. Without a customer base in aviation, 

establishing such regulatory qualifications can be a large investment. Once they would have 

the qualifications, they would be counted as a 3rd party manufacturer – unless they would 

offer a product for which they would be counted as an original equipment manufacturer. 

 

For the three listed operators, a SWOT analysis is prepared for each to recognise the 

strengths, weaknesses, opportunities, and threats regarding them setting up and running 

closed-loop manufacturing. SWOT analysis is a tool to recognise and analyse a business 

decision. It can be used to have a full awareness of all concerning factors related to a business 

decision. (Schooley, 2022.) 

 

4.1.1  Aircraft manufacturer / OEM 

Motivation for an aircraft manufacturer or OEM to participate in closed-loop recycling could 

be related to possible future regulation (or preparing for one), reducing costs (assuming 

recycled materials would be cheaper to procure than virgin materials), reducing emissions 

and energy consumption, and brand image. An OEM already has sourcing for virgin material 

and might already be able to provide recycled materials. If not, the OEM’s procurement 

department could have the capability for sourcing recycled material providers. Sometimes 

large aircraft manufacturers even buy back their older model aircraft when selling newer 

models to a customer. From these older, almost retired aircraft the OEM could source the 

desired materials and recycle them into new parts and products. 

 

Another model for sourcing for an OEM could be for example establishing an agreement 

with an airline operator, where they provide damaged and scrapped parts for recycling and 

manufacturing of new parts for discounted pricing. This way the OEM could get raw material 

for manufacturing for a cheaper price and at the same time produce new parts with less 
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emissions. Table 5 below provides a SWOT analysis for an OEM performing closed-loop 

recycling. 

 

Table 5. SWOT analysis for an OEM manufacturing parts from recycled materials. 

Strengths Weaknesses 

Regulatory qualifications to carry out 

design, manufacturing, and certification. 

R&D capability. 

Human resources (designers, certifiers, 

manufacturing staff). 

 

Completely new approach to manufacture 

high technology products. 

No experience in working with recycling 

and material recovering. 

 

Opportunities Threats 

Possibility to reduce emissions caused and 

energy required during manufacturing. 

Possibility to reduce the need for the use of 

fossil fuels. 

Sourcing materials via warranty programs 

or buy-back contracting. 

Competitive advantage of using sustainable 

materials. 

Improvement to brand image. 

Customers’ presumptions of using recycled 

materials instead of virgin, “high 

technology” materials.  

 

The SWOT analysis shows that there are multiple strengths and opportunities an aircraft 

manufacturer / OEM would possess. The strengths would enable starting such a process and 

the opportunities would support this kind of operation. The recognised threats show that the 

recycled material might not appear trustworthy or high-tech to passengers but given the fact 

that both the certification and manufacturing process is tightly regulated the manufacturers 
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could be able to tackle these possible negative assumptions. Additionally, the manufacturer 

would benefit immensely from being able to advertise the usage of recycled materials. An 

airline would also benefit from being able to advertise using sustainable materials on their 

fleet and this could be a selling point.   

 

An aircraft manufacturer / OEM would possess all the required resources for starting closed-

loop recycling and the opportunities for them would be significant. There are threats, but 

nothing that couldn’t be overcome.  

 

4.1.2  3rd party manufacturer 

Closed-loop recycling could also be performed by a 3rd party operator. Such an operator 

would need to have for example EASA or FAA design organisation and manufacturing 

organisation approvals. Organisations working under the FAA are usually called PMA 

manufacturers. PMA stands for Parts Manufacturer Approval, referring to an aircraft part 

certified and approved by the FAA. (What is a PMA? 2022.) A PMA part doesn’t require 

OEM approval, and such parts can usually compete with pricing and design improvements 

when compared to similar OEM parts. There is a large market for PMA especially in the 

USA. These parts can be used outside the USA as well, for example EASA has guidance 

and approval for using these parts. European design and manufacturing organisations usually 

act under EASA Part-21 approvals.  

 

A 3rd party provider might be in a position where they can compete with aggressive pricing. 

In this case, they could also set up a process where the customer provides them with old, 

unserviceable parts to be reproduced as new parts. Such an organisation could also purchase 

larger old assemblies (seats, lavatories, other cabin modules where desired materials are 

used) or even aircraft to recover the material and reproduce them to desired parts and 

products. Table 6 presents SWOT analysis for a 3rd party provider. 
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Table 6. SWOT analysis for a 3rd party manufacturer for providing parts manufactured using 

recycled materials. 

Strengths Weaknesses 

Regulatory qualifications to carry out 

design, manufacturing, and certification. 

Human resources (designers, certifiers, 

manufacturing staff). 

 

Completely new approach to manufacture 

high technology products. 

No experience in working with recycling 

and material recovering. 

Materials sourcing. 

Opportunities Threats 

Possibility to reduce emissions caused and 

energy required during manufacturing. 

Possibility to reduce the need for the use of 

fossil fuels. 

Competitive advantage of using sustainable 

materials. 

Improvement to brand image. 

Airlines restricted from using 3rd party 

parts. 

Customers’ presumptions of using recycled 

materials instead of virgin, “high 

technology” materials. 

 

 

A 3rd party manufacturer would already possess certain strengths such as the resources for 

performing the design, manufacturing, and certification. The opportunities for them would 

include improvement to brand image (airlines could benefit from buying more sustainable 

spare parts), as well as the possibility to reduce emissions, energy consumption, and the need 

for the use of fossil fuels. Using closed-loop recycling might also benefit them over other 

manufacturers in addition to improving their brand image. The weaknesses include their lack 

of knowledge of working with such materials and possible problems related to materials 

sourcing. A threat for a 3rd party provider is that many airlines are leasing whole, or a part 

of their fleet and the leasing agreements may restrict airlines from using 3rd party parts. 

Also, the customers’ negative presumptions related to the use of recycled materials can be 

considered a threat. 



 64 

 

While a 3rd party provider would already have qualifications and resources to carry out 

closed-loop recycling, they have a limited customer base and somewhat limited scope of 

parts. The 3rd party provider could benefit from the sustainability aspect in marketing, but 

they are not able to provide airlines as big an advantage as major manufacturers, especially 

aircraft manufacturers, could. This brand image advantage could only be used in business-

to-business relationships which are usually guided by economy.  

 

4.1.3  Airline 

Exploiting closed-loop recycling might be of interest for an airline as well. An airline would 

already have access to the material via unserviceable and scrapped parts removed from their 

fleet which makes them an interesting operator in the field. However, this kind of operation 

would require the airline having decent technical operations resources and especially EASA 

or FAA design organisation and manufacturing certifications. Without such approvals, the 

airline would have to contract a subcontractor to carry out the design and manufacturing – 

the subcontractor would in this case be either an OEM, a PMA manufacturer, or an MRO 

organisation.  

 

An airline’s motivation to start closed-loop recycling can also be related to lowering 

emissions and maintenance-related costs. OEM pricing for parts is usually high, and by 

utilising its own manufacturing capabilities an airline could seek cost savings. At the same 

time, the need for stock management would decrease. This would also cause less emissions 

as no shipping of the parts would be required. One big advantage for an airline to carry out 

closed-loop recycling would be on-demand manufacturing, where in theory a damaged part 

could be recovered into a new part in a relatively short time. Table 7 presents SWOT analysis 

for an airline operator performing closed-loop recycling.  
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Table 7. SWOT analysis for an airline technical operation department to run closed-loop 

recycling. 

Strengths Weaknesses 

Regulatory qualifications to carry out 

design, manufacturing, and certification. 

Human resources (designers, certifiers, 

manufacturing staff). 

 

Completely new approach to manufacture 

high technology products. 

No experience in working with recycling 

and material recovering. 

Possible investments required for material 

tests, recovery, and manufacturing. 

 

Opportunities Threats 

Cost savings from material and spare parts. 

Manufacturing on-demand. 

Possibility to reduce stock and handling 

related fees. 

Possibility to reduce emissions caused and 

energy required during manufacturing. 

Possibility to reduce the need for the use of 

fossil fuels. 

Competitive advantage of using sustainable 

materials. 

Improvement to brand image. 

Possible lack of knowledge and experience 

of manufacturing polymeric parts. 

 

In this SWOT analysis it is presumed that the airline would have EASA or FAA approved 

Part-21 design and manufacturing organisations in place. This would give them the strength 

of having the approval to certify the design and manufacturing and would also mean that 

they have the resources to carry out such tasks. The opportunities for an airline in the very 
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competitive market of flying would give them certain brand image and sustainability-related 

assets such as the possibility to reduce emissions and the use of fossil fuels. It could also 

give them the possibility for on-demand manufacturing and this way a decrease in stock 

handling costs. The value of on-demand manufacturing must not be underestimated: in 

certain situations, unserviceable parts may lead to blocking of a seat which would lead to 

economic losses. This is an undesirable situation as airlines tend to keep every seat flying as 

much as possible. In such cases the damaged part could be manufactured within a short time 

period and installed into the aircraft, avoiding the possible block of such a seat. Weaknesses 

for an airline might be that this is a completely new territory where they might not have been 

operating before and that possible investments would have to be made. Threats include the 

lack of knowledge of working with polymeric parts and how it would affect the design and 

manufacturing. 

 

Airlines would be able to benefit from the sustainability-related brand image closed-loop 

recycling would offer. Also, the possibility to utilise the material from broken and 

unserviceable parts would be beneficial for them. On-demand manufacturing would help to 

lower stock costs and it might help acquiring spare parts on short notice. On the other hand, 

this kind of operation is by no means the core business of an airline and would require 

significant investments. If the airline perceives the investments to be justified by the 

opportunities related to brand image and possible cost savings, then it would be worthwhile 

to set up this kind of operation. An example process description for an airline running closed-

loop recycling is presented in Appendix 1. 

 

From these three operators, an aircraft manufacturer / OEM would have the best strengths 

and strongest opportunities to start closed-loop recycling. They would already possess the 

R&D, design, procurement, and manufacturing organisations. They would benefit the most 

from the positive brand image in both the passengers’ eyes as well as using it as a competitive 

advantage when selling aircraft to airlines. While an airline would also have certain and 

reasonable benefits from closed-loop recycling, setting up such an operation might be a big 

task and, in the end, it would not be their core business. A 3rd party manufacturer could 
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profit from the sustainable brand image, but their audience is restricted and usually tend to 

choose them over OEM only if economically viable.  

 

4.2  Manufacturing method 

The manufacturing process itself is a separate topic worth discussion. While additive 

manufacturing technologies possess certain advantages over injection moulding which is a 

standard in mass production of polymeric and polymeric composite parts, one aspect to 

consider is whether additive manufacturing is the best solution for manufacturing closed-

loop recycled parts. Especially if environmental aspects are the driving force or reason to 

seek utilising recycled materials, it would be worthwhile to choose sustainable 

manufacturing methods to support the whole LCA of the product. 

 

When choosing the manufacturing method, the constraints and possibilities of the method 

must be evaluated. Comparative studies have been made on the manufacturing methods and 

surface quality between additive manufacturing and injection moulding. The conclusions 

from these studies show that the part might require redesigning depending on the 

manufacturing method to achieve the best outcome. In some cases, even the material 

composition might need evaluating to decide whether some additives should be used with 

the material to achieve similar results (Kabir et al. 2021, p. 11–13). Some studies show that 

there is nearly no difference in the surface qualities, fracture surfaces, or mechanical 

properties between parts manufactured using additive manufacturing and injection moulding 

(Kaynak et al. 2018, p. 501-520).  

 

When using injection moulding, possible accumulation and buildup of oil in addition to 

certain other nanoparticles have to be taken into account. Also, how many times the material 

could cycle through moulding and material recovery before such additives would start to 

influence the material properties? A similar effect wouldn’t take place with additive 

manufacturing technologies as oils or other additives are not used in the process. This is 

worthwhile to evaluate. 
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For mass production of small and medium-sized polymeric and polymeric composite 

products, injection moulding is often the best method. Injection moulding can be used to 

manufacture products using several different thermoplastic materials, but it is costly if the 

batches are small. Each part that is to be manufactured requires a mould, and the price of the 

mould may vary from 100 USD to 100,000 USD, depending on the complexity of the part. 

Similarly, the machinery costs range from 50,000 USD to 200,000 USD. (How to Estimate 

Injection Molding Cost? 2022.) 

 

A comparison can also be made from an investment point of view. One study suggests that 

the break-even point between injection moulding and additive manufacturing is at 200 

pieces. The additive manufacturing machines are usually cheaper than injection moulding 

machines, and in addition moulding requires individual moulds for each part that is 

manufactured, and a much longer setup time. If the manufacturing batches are small, additive 

manufacturing may be a more reasonable choice. (Franchetti et al. 2016, p. 2573-2579.) 

 

When comparing the energy consumption between injection moulding and additive 

manufacturing (namely Fused Deposition Modeling), injection moulding consumes 

significantly less energy once the number of parts to be manufactured is big. The studies 

also show that the total costs of a part increase steeply with additive manufacturing methods 

if large batches are made. Resources required to make the material are not taken into account 

in these figures. (Yoon et al., 2014.) 

 

For an operator manufacturing smaller batches or manufacturing only on-demand (for 

example small batches of highly customised parts, or an airline looking for on-demand spare 

parts manufacturing), additive manufacturing might be the best option. With injection 

moulding, the flexibility, speed, and revisioning possibilities of additive manufacturing are 

lost, but it makes more sense to use injection moulding in case there is a need to manufacture 

large batches. For an operator manufacturing large batches, injection moulding would be the 

choice for manufacturing method.  
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5. Conclusions 

A polymeric finger pinch shroud from a Safran Seats US Z300 passenger seat certified for 

use in Airbus A350 aircraft was measured, tested for its mechanical properties, its material 

broken into granules which were then derived into filament, and finally printed into a similar 

part using additive manufacturing. The methods used in this work have proved that recycling 

and reproducing of such a part, or a part to similar use using the very same material can be 

done.  

 

The limitations related to the process in the scope of this work included the visual appearance 

and surface properties which didn’t match the original injection moulded parts. Also, the 

process showed some flaws in the actual workflow in the form of uneven filament 

manufacturing and poor attachment to the printing bed. All these matters can be refined 

when rethought and when more time is invested into managing the filament manufacturing 

and enhancing the printing properties.  

 

As the economic advantage can’t be shown clearly within the scope of this work, the possible 

business model has to be evaluated by other applicable attributes. The business model of 

closed-loop recycling studied herein would be most suitable for either aircraft or original 

equipment manufacturers. They would already possess capable R&D, design, procurement, 

and manufacturing organisations. The positive sustainability-related brand image would give 

them a great advantage over other competitors and lift the value of the brand in the eyes of 

the passengers of the airlines.  

 

Future studies could include studying the reinforcing of recycled material, the use of 

recycled materials in other more critical structures of an aircraft, making an LCA between 

virgin and recycled materials for a certain part, and making the process description for the 

actual recycling process. 
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 1 

Appendix 1: Process description for closed-loop recycling at airline technical operations  

For an airline to run this kind of operation, the airline should already have EASA or FAA 

approved Part-145 (aircraft maintenance organisation), Part-CAMO (Continuous 

Airworthiness Management Organisation), Part-21J (design organisation), and Part-21G 

(manufacturing organisation). The process could be initiated by the Part-CAMO 

organisation which would recognise a need for re-designed parts based on maintenance data. 

Together with a DOA Part-21J organisation, the suitable materials and parts where these 

kinds of materials are used could be defined. Part-145 organisation would remove such parts 

when found damaged and scrap the parts according to the regulatory requirements. Scrapped 

parts would be supplied to Part-21G organisation that would recover the material from the 

parts and manufacture new parts using these materials based on design data supplied by Part-

21J. Part-145 would then modify and install the new parts in aircraft. The process diagram 

for this kind of operation is shown on the next page.  
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