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Abstract: The additive manufacturing (AM) process, also known as 3D printing, is a process of layer-by-layer material deposition to produce desired parts from 3D model data, as opposed to formative manufacturing methodologies and subtractive manufacturing processes. The AM is one of the most well-suited manufacturing technologies for the aerospace industry where lightweight and unique-shaped components are demanded as this technology produces lightweight and cost-efficient aircraft components with unique geometries. The AM also allows manufacturers to release products with a smaller number of components onto the market; enabling rapid prototyping with less material waste compared to subtractive manufacturing processes. Therefore, during the last two decades, this technology has received research interest and has been adopted by the aerospace industry, resulting in a significant AM market share compared to other sectors. The aerospace industry has been one of the dominant sectors of the global AM market and is forecasted to be one of the leading contributors to the rapidly changing and competitive global AM market. This study reviews the assessment of the recent and forecasted future global aerospace AM market, linked with the historic and forecasted data, and the adoption of this technology, historic and forecasted global aerospace AM market trends, and the impact of Covid-19 pandemic on the current state of the global aerospace sector. Related charts based on historic and forecasted data are given to summarise the global AM market trends and assessment of AM potential for the aerospace industry in this study.
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1. Introduction
Additive manufacturing (AM) technology is classified by The International Standards Organization/American Society for Testing and Materials Standards (ISO/ASTM 52900:2015) as a process of material joining to achieve 3D parts with desired geometries, typically layer by layer as opposed to formative manufacturing methodologies and subtractive manufacturing process [1]. The ISO/ASTM 52900:2015 standard identifies all the commercially released AM processes into seven main categories. These categories are directed energy deposition (DED), vat photopolymerisation (VP), powder bed fusion (PBF), binder jetting (BJ), material jetting (MJ), sheet lamination (SL), and material extrusion (ME) [2, 3]. In detail, all the AM processes can be categorised as solid, liquid and powder-based on the basis of the physical state of raw materials being used [4, 5]. The categorisation and types of the AM process and main comparison among AM processes regarding building volume, material options, and characteristic merits and limitations, in this order, are given in Figure 1 (Note that the categorisation of AM based on materials being used (solid-based, liquid-based and powder-based) is a broad categorisation that cannot be applied consistently due to the use of different materials in some AM processes at the same time. For instance, in these three AM categories "solid filaments or wires", "molten metals and photopolymers" and "metal powders" can be referred to the solid-based, liquid-based and powder-based AM processes respectively. However, this rephrasing has some inconsistency. In other words, the first category (solid-based) does not only include "solid filaments or wires", but also solid sheet material as used in sheet lamination (SL), in laminated object manufacturing (LOM) or ultrasonic-based AM (US-AM). The second category (molten metals and photopolymers) may be also rephrased to "liquid metals and photopolymers" because the photopolymers used in stereolithography (SLA) are "liquid polymers", not "molten polymers". The third category, "liquid/molten metals", is also inconsistent as it probably refers to droplet or inkjet-based AM processes, not to selective laser melting (SLM) or electron beam melting (EBM) that better fits the third category (i.e. powder-based processes), though the latter are also used to melt the metal powder material. This category may also cover wire+arc AM (WAAM) or wire direct energy deposition (wire-DED) or powder direct energy deposition (powder-DED), where metallic wires or powders are molten and deposited. However, WAAM and wire-DED may rather fit the first category (i.e. "solid filaments or wires"), while powder-DED rather fits the third category (i.e. "metal powders"). The three cited categories only refer to two material classes, being "photopolymers" (liquid) and "metal" (powder), not to other types of material such as thermoplastic or thermosetting polymers, elastomers, ceramics (including sand, etc.), or cellulose/paper as used in the original LOM process. Because of these reasons, AM categories should be defined in detail to make a more consistent categorisation of recent AM processes. The AM process allows freedom not only in the design but also in the fabrication stage of the production. Unlike conventional manufacturing process, deep channels, complex shapes, enhanced strength-to-weight ratios, blind holes and components requiring multiple assemblies or joining steps can be produced using AM process [6]. The AM process offers almost 40% reduction in raw material waste compared to the conventional manufacturing process and 95-98% of the waste material can be recycled [7]. The AM process is an automated and less complex system that only requires CAD software, software for build preparation (parser/postprocessors generating instructions files for the AM machine, STL converters, hatching software, slicers), and less chain management and workforce to produce physical objects layer by layer, as opposed to detailed chain management and large workforce required for conventional manufacturing [8].
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	Fig. 1: Classification and comparison of AM processes


[bookmark: _Hlk48998244]Even highly intricate parts with complex geometry can be produced using this technology, it is applicable to a wide range of materials with minimal material waste and post-processing necessity. As a result of these capabilities, the AM process can be referred as a tool to increase design freedom allowing manufacturers to design unique-shaped consolidated parts at low volume cost-effectively. Another driver of this technology is that the AM process is ecologically and environmentally friendly thanks to the production capability of lightweight components with high structural integrity [9, 10]. This technology can be easily combined with any other conventional subtractive manufacturing and/or AM processes developing a hybrid-AM solution to improve the properties of the final products produced only using either the conventional subtractive manufacturing or AM process [11]. The AM process is in demand in several sectors, such as transportation, aerospace, medical and automotive. In particular, the AM process has recently attracted interest from the aerospace industry, where lightweight aircraft components with unique shapes are in high demand [12]. The AM process allows manufacturers in the aerospace industry to: (i) eliminate production steps, except the process planning, both for the AM process used and downstream processes, (ii) enable potential cost and fuel efficiency for active aircrafts, (iii) decrease the energy consumption minimising raw material waste and environmental footprint of each aircraft, and (iv) shorten the lead time of aircraft [12–15]. Therefore, the adoption of AM technology has resulted in a significant continuous growth in the global aerospace AM market. On the other hand, the AM has some limitations in addition to the large range of merits, such as the lack of the globally accepted certification and standardisation, high material cost, limited component size and relatively slow production speed [13, 16, 17]. The main merits and limitations of the AM process, which are given in Table 1, are likely to affect the adoption of this technology in the aerospace industry.
	Table 1. Characteristic features of AM process

	Merits
	Limitations

	· Production cost minimisation
	· High first time buy cost of AM equipment, material and software

	· Nearly net shape production
	

	· Production of unique and complex shapes (design freedom)
	· Low reliability regarding mass production

	
	· Lack of global certifications and standardisations

	· Reduced part assembly necessity
	· Limited component size and building volume

	· Material waste minimisation
	· Low production speed compared to the subtractive manufacturing process

	· Short time to market (reduced lead time)
	

	· Green manufacturing capability
	· Costly for high-volume production

	· Lightweight production possibility
	· Limited material option

	· Tooling and fixturing elimination
	· Metallurgical defects, e.g. porosity, hot cracking

	· Reduced scrap
	· Unsatisfactory dimensional accuracy



The overall market trend of AM for the aerospace industry can be associated with the ‘significant growth rates’ regarding market share and applications categorised into several manufacturing divisions, e.g. automotive and medical. The AM revenue for the aerospace industry, including AM systems, and aerospace equipment and materials, has increased steadily. During the last two decades, the AM market has experienced a significant increase in the global AM market until the recent steep drop due to the Covid-19 pandemic. From this point of view, this paper introduces a review of the past, recent and forecasted data of the global aerospace AM market, mainly focusing on the benefits, limitations, Covid-19 pandemic and its effects on the adoption of this technology and global aerospace sector. Charts and statistical data representing historic and forecasted trends are created to summarise the related trends and forecasts. This review consists of five sections. The following section covers an overview and classification of AM process, and affecting factors that promote and hinder the adoption and market size of this technology for the aerospace industry. Subsequently, Section 3 presents the past, recent and forecasted global aerospace AM market trends by dividing the period covered into historic (2013-2019) and forecasted (2019-2025). The recent impacts of Covid-19 pandemic on the global aerospace sector is also reviewed in Section 4 in conjunction with corresponding data and statistical charts. Lastly, the major conclusions of this review are summarised regarding the evolution and future trend of the global aerospace AM market.
2. Factors Affecting Market Growth and Adoption of Additive Manufacturing in the Aerospace Industry
The AM process has several merits leading to a significant adoption of this technology in the aerospace industry. This is expected to result in a continuous growth in the global aerospace AM market. New developments and innovations in material science and AM technology can be addressed to overcome the limitations mentioned in the previous section, thus enlarging the recent and potential applications of this technology (Table 2) in the aerospace industry.
	Table 2: Recent and forecasted AM applications for the aerospace and space industries [18]

	
	Recent Applications
	Potential Applications

	Aerospace Industry
	· Prototyping and modelling of concepts
· Fabrication of replacement parts
· Fabrication of low-volume aerospace components with complex geometry
	· Embedment of AM processed electronics on aerospace components
· Fabrication of the whole aircraft wings regardless of size limitation
· Production of more complex-shaped engine parts while achieving enhanced part consolidation
· Repair part production on the battlefield



2.1.  Factors Promote the Adoption
The benefits of AM process are some of the key drivers in the adoption of this technology resulting in growth in the aerospace AM market. Figure 2 depicts some benefits delivered by the AM process for performance enhancement in aerospace applications. Aerospace companies are at different stages of adopting the AM process. The aerospace companies that have already adopted the AM process have benefited from this technology in several ways. The four tactical ways in the adoption of this technology according to Deloitte University Press [18] are: (i) exploring the AM process in order to enhance the value delivery of existing products in supply chains, (ii) utilising scale economics achieved using the AM process facilitating supply chain transformation, (iii) achieving a better level of innovation and performance of the products that companies offer, and (iv) altering existing products and supply chains.
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	Fig. 2: Some benefits delivered by AM process regarding performance enhancement in aerospace applications [18]



The AM process offers the flexibility to design/create aerospace components designing of components can be achieved [12, 19] and the capability of creating components with lattice structures and internal cavities can reduce the weight without compromising the mechanical performance of these components [20]. The reduction in the total aircraft mass because of the use of AM processed lightweight components leads to a decrease in the cradle-to-gate environmental footprints (total energy consumed during production) of each active aircraft [21]. Another example is that European Aeronautic Defence and Space (EADS) company used direct metal laser sintering AM process for producing Airbus A320 nacelle hinge brackets, thus achieving 64% reduction in part weight while maintaining the same performance and strength [18]. The use of AM process can also result in a considerable decrease in CO2 emissions and energy requirement of aircraft [22, 23].
General Electric achieved a reduction in the number of components by adopting the AM process. The company reported a reduction in the number of 885 conventionally produced component after adopting AM process [21, 24]. To put this in perspective, 1-kilogram weight reduction on a 600 aircraft fleet results in savings of approximately 90,000 litres of fuel and 230 tonnes of CO2 [22]. Reducing 1 pound of weight from every aircraft of 600 fleet can also save nearly 11,000 gallons of fuel per year thanks to the reduction in the annual fuel cost [25]. Moreover, the AM process allows aerospace companies to build fast prototypes with a demanded level of functionality; therefore, time to market and can be reduced accelerating the competitiveness of companies [26]. According to Lyons [27], several aerospace companies that adopted the AM process benefited from the reduced time required to prototype ranging between 43% and 75% dependent on the previous subtractive manufacturing process used. As an example of this, the Boeing company reduced the prototyping time from several months to only less than a month by building an AM processed prototype [27].
Aerospace parts are generally produced by using relatively expensive raw materials [8]. After producing these parts, recycling of the scrap formation is costly and necessitates a significant effort. Conventional machining applications can necessitate 80-90% scrap ratio of the original billet, whereas AM process can lower the scrap ratio down to 10% [18]. This capability of AM process is particularly significant when using expensive aerospace materials, e.g. titanium. The AM process is also capable of creating free-form design that helps to produce tooling fixtures. In this context, only straight-lined cooling channels can be produced using a conventional manufacturing method, which complicates the fluid flow optimisation of aerospace components. On the other hand, the AM process can produce these channels with complex geometry conforming to the part curvature, which is significantly beneficial for engine parts experiencing elevated temperature levels [25, 28, 29]. AM process enables flexibility in testing and designing AM processed products as many times as demanded with the help of rapidity and easily modifiability of creating prototypes, which reduces the uncertainties and risks that aerospace companies face. This flexibility can be achieved by repeatedly modifying the design files of design software, thus multiple design iterations can be conducted without relatively expensive retooling. AM process also helps to reduce the cost of fixtures and tooling [12, 30]. An example of this benefit is that Advanced Composite Structures (ACS) company switched most of the conventionally manufactured tools with AM processed tools, resulting in 96% reduced lead time and 79% overall tooling cost reduction [3].
The AM process is capable of producing multiple aerospace components as a single component; therefore, product enhancement can be attained by decreasing assembly effort and evolving the uncertainty as more manageable and modifiable. General Electricity reduced the number of parts in their fuel nozzle from 20 different parts to one part weighing 25% less by using the AM process [31]. The embedment of electronics in AM processed parts promises some opportunities in product innovation, in particular for unmanned aerial vehicles. However, the fully integration between the AM process and embedded electronics is still not efficiently completed. The AM process can also save changeover time and effort required for developing new products or existing customised products. This benefit enables relatively fast translation from customised products to customers, which then can increase the market responsiveness of aerospace companies. Therefore, enhanced production functionality results in product innovation and a growth in the revenue of new and current market segments [18, 32].
The economic characteristics of the AM process largely fit aerospace applications compared to other industries involving mass production, which eases customised production [33]. The proportional ratio of raw material weight over finalised component weight (fly-to-buy ratio) for aerospace components is generally between 20:1 and 40:1 [20]. This high fly-to-buy ratio can be associated with the significant amount of raw material waste affecting the total cost of production. This ratio can be nearly decreased to the ideal 1:1 by adopting the AM process [5, 24]. It is reported in a case study [34] that the fly-to-buy ratio of bleed air leak detector by the Lockheed Martin company decreased from 33:1 to almost 1:1 using the electron beam melting AM process. In the previous example, the potential production cost saving of brackets was determined as 50% when using AM processed titanium alloy used without compromising the mechanical properties of the brackets [35]. As a summary of this section, the main motivations for adopting the AM process in the aerospace industry are to achieve lightweight aerospace components leading to potentially greater fuel and cost efficiency, and decrease the cradle-to-gate and CO2 footprint levels of each active aircraft. Forecasts for the potential benefits of AM process in the aerospace industry regarding the market potential, cost and energy saving, and CO2 reduction are given in Figure 3.
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	Fig. 3: Expected benefits of AM process in the aerospace industry until 2025 (Data from: [36])


2.2.  Factors Hinder the Adoption
AM technology is still not fully mature. This technology is currently facing several limitations restraining the current adoption and wide use in the aerospace industry. The main limitations can be associated with high cost of aerospace materials, limited range of material option, scalability and size, consistency of quality, repeatability and unachievable dimensional accuracy demanded by aerospace companies, limited capability of multi-material printing, and the lack of qualifications and certification for additively manufactured aerospace components (Fig. 4). The AM process comparatively underperforms in the fabrication of large aerospace components [37]. AM companies are currently making research and development efforts to overcome this limitation. The Lockheed Martin company in collaboration with Oak Ridge National Laboratory investigated the development of a new AM system with multiple print heads called ‘big-area AM system’ to produce large aerospace components in an open building volume where desired parts are fabricated [36]. As a well-known example of large volume production of aerospace components, BAE Systems fabricated a 1.2-meter long titanium wingspar after a collaboration with Cranfield University in 2013 [37]. It is worth mentioning that some AM limitations, such as size limitation and cost, are not an issue in some of the AM processes. As an example of this situation, the maximum dimension that can be printed is not an issue for WAAM processed parts (as the authors show in Ref. [37]), and consumable cost and porosity are restrictive issues in powder-based AM processes, but less so in wire-feed AM processes. Aerospace companies that have not adopted AM technology have so far suffered from the challenge of stocking large inventories. Nonetheless, AM system generally may not scale up the production in a necessity. AM providers are recently endeavouring to increase the building speed of AM process to meet the bulk requirements of the aerospace industry [38]. Since the production speed of AM process in the aerospace industry is only around 40 mm3/hour [39], the production speed of AM process is classified as slow production speed when compared with the conventional manufacturing process. Moreover, other limitations are the limited range of metal powders and polymers to be used in AM process and the high cost of these raw materials. For example, the cost of stainless steel being used in AM process is nearly 100 times more costly ($8 per square centimetre) compared to commercial-grade stainless steel being used in the conventional manufacturing process [40].
New advancements in material science are highly associated with the solution to overcome the cost and limited material option limitations. Until now, very few AM systems are capable of multi-material printing [8]. Overcoming this limitation can enable a significant design flexibility by allowing designers to use localised varying materials with different mechanical properties. Thanks to the developments in this limitation, different locations of aerospace components can be printed according to the specific mechanical requirement derived from the work environment while actively in service. Gibson et al. [3] reported the possibility of multi-material printing of a wire sensor located in a turbine blade structure. The lack of quality consistency for aerospace components is another limitation when considering the production of fully dense (without any metallurgical defect due to the elevated heat applied) metal parts. The applied heat generally results in voids and local stresses mostly along the grain boundaries of AM processed aerospace parts. The repeatability, which is the degree of alignment of several measurements applied for the same property using same equipment [1], and dimensional accuracy, which is the closeness of agreements between accepted reference value and achieved results [1], demanded by aerospace companies, i.e. <10 micron (μm), cannot be achieved using recent AM process [42]. In this context, embedded controls located in AM machines can enhance the repeatability of aerospace components.
Additively manufactured aerospace components should meet the rigorous safety requirements, especially mission-critical aerospace components such as turbine blades and engine parts. For this reason, additively manufactured aerospace components are strictly obliged to ensure the qualifications and certifications developed by the aviation authorities. However, the qualifications and certifications of additively manufactured aerospace components is limited by several factors, which affects the adoption of this technology in the aerospace industry significantly. The main factors preventing the aviation authorities from developing necessary qualifications and certification are that AM technology also suffers from anisotropy in additively manufactured aerospace components. In AM applications, the mechanical properties obtained from the printing axis (generally Z-axis), which is perpendicular to the print bed, is lower than those of other axes due to the nature of layer-by-layer fabrication in which raw materials are successively deposited by either lowering the computer-controlled print bed or elevating the print head in every pass [43]. This issue leading to anisotropy is mostly associated with insufficient bonding conditions and low mechanical properties achieved from the printing axis of extrusion-based and powder-based AM processed parts. The main reason of the anisotropy occurring in extrusion-based AM process is uniaxial directions of bonding interfaces, while the main reason in powder-based AM process is the nonuniform heat transfer from the melt pool to the air as heat transfers from the melted regions of powder beds to the air (through the Z-axis) more than to the other axes (X and Y-axes of the melt pool covered by powders). In this regard, all the recent verification and mechanical testing methods cannot be applied for AM processed aerospace components consistently due to the lack of anisotropy. For example, non-destructive testing, which is used to investigate metallurgical defects such as microcracking and void formation occurring during AM processing, can be inconsistently applied because of the anisotropy of AM processed aerospace components as the metallurgical defects and mechanical properties vary in different regions and directions. Moreover, as the possible criticality of several additively manufactured aerospace components is expected to increase, more efforts need to be made to overcome the anisotropy issue occurring in additively manufactured aerospace components [44]. Moreover, metallurgical surface defects and limitation in achieving sufficient surface finish lead to decrease in the fatigue life of aerospace components. This issues also limit the qualification and certification of additive manufacturing processed aerospace components extensively [31].
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	Fig. 4: Main reasons of limited AM adoption in the aerospace industry


3. Global Aerospace Additive Manufacturing Market
3.1. Overview of the Global Aerospace Additive Manufacturing Market
[bookmark: _Hlk48999346]The global market trend and data of AM process can be summarised by the phrase ‘considerable growth rate’ [45], which comprises total revenue including AM services, materials, software and equipment. The main drivers of the global AM market for the aerospace industry are green manufacturing targeting to reduce the carbon footprint and potential cost efficiency demanded by major contributors to the aerospace industry. The improvable efficiency in critical aerospace components, e.g. turbine blades and engine parts, offered by AM process is also a notable driver affecting the AM market [18]. Some of the predominant aerospace companies and AM equipment builders serving the aerospace companies are: 3D Systems, Inc. (US), Concept Laser GmbH I (Germany), CRS Holdings Inc. (US), EOS (Germany), Stratasys Ltd (US), Arcam AB (Sweden), ExOne (US), SLM Solution Group AG (Germany), Optomec (US) and CRP Technology SRL (Italy) [46, 50]. The global market can be mainly categorised into platform, application, region, material type and technology segments as detailed later in Section 3.3. The market has various opportunities to grow in the recent situation, e.g. an increase in the demand of modern aircrafts and air passenger traffic. However, potential technological developments in AM materials to be used in the aerospace industry are anticipated to drive the market growth predominantly [47].
3.2. Historic Data for the Market (2015-2019)
Since 2015, the aerospace industry has become one of the leading sectors of the global AM market [48]. Some of the main AM revenue subcategories including AM systems, equipment and materials have continuously grown following the 2008 world financial crisis [49], surpassing $5 billion in total revenue in 2015 [50]. The AM system segment involves software, while the equipment segment involves 3D printer machines and scanners. The material segment of the global market for AM processed aerospace components comprises metallic and non-metallic materials. These materials are generally used for critical and non-critical aircraft components respectively. More than 20,000 non-metallic AM processed aerospace components were reported as installed in airplanes until 2018 [50]. In 2016, the aerospace industry recorded the highest growth compared to other sectors, recording a 1.6% annual increase in compound annual growth rate (CAGR). In this year, the global aerospace AM revenue was determined as $6.7 billion, showing 12.9% growth in comparison with data collected from the previous year [48]. The aerospace industry has kept being one of the contributors leading the market of 2017 as depicted by the market share in 2017 compared to various industries seen in Figure 5. Among all the industries depicted in this figure, the aerospace industry is reported to be the fastest growing sector, experiencing a 1.6% annual increase and almost 13% AM revenue growth compared to that of the previous year, recording $7.3 billion in revenue [47]. This interest in the AM has led to an upward market trend, and increase in the total revenue and market growth of AM-based applications [50].
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	Fig. 5: Global AM market share by industries in 2017 (Data from: [50])


3.3. Forecast Data for the Market (2019-2025)
[bookmark: _Hlk68083784]The global AM market is expected to reach more than $3,000 million by the year 2025, expanding at 20.24% CAGR throughout the forecast period, i.e. from 2019 to 2025 [47]. The total revenue of the AM market includes materials, equipment, software and services. To illustrate the forecast data representing the global aerospace AM market and its anticipated growth, the following graphs and charts are given in this section. According to Liu et al. [19], the global aerospace AM market including AM revenue subcomponents, i.e. AM service, software, aerospace materials and equipment, is anticipated to triple between 2014 and 2023 reaching $1,200 million total AM market volume as shown in Figure 6. According to a forecast made by Market Research Future [47] regarding the global aerospace AM market, the market is anticipated to be increasingly expanded at nearly 21% between 2016 and 2021. The primary factor behind this growth was associated with the merits and capabilities of AM process leading the adoption, such as reduction in fuel consumption and weight, increase in design freedom and eco-friendly manufacturing.
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	Fig. 6: Aerospace AM market summary and forecast between 2014 and 2023 (Data from: [51])


[bookmark: page4]The forecasts for the recent global aerospace AM market can be mainly divided into platform, application, region, material type and technology segments as schematised in Figure 7. On the basis of the platform, the global aerospace AM market includes unmanned aerial vehicles, spacecrafts and aircrafts. The aircraft category can be then subdivided into rotary-wing and fixed-wing aircrafts. The aircraft market has dominated the market in 2019; however, the unmanned aerial vehicle subcategory is forecast to record the highest CAGR in the AM market by 2025. Regarding the application segment, the global market is categorised into engine, structural and others. The engine category has dominated the AM market until 2019 and is forecast to continuously show the highest CAGR throughout the forecast period, i.e. from 2019 until 2025. In the current situation, the effort made by aerospace companies to develop aircraft engines is expected to drive the AM market, thus possibly resulting in the highest CAGR in the following years [47].
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	Fig. 7: Segments of the recent global AM Market (Adapted from: [47])


On the basis of material being used in the aerospace industry, the AM market can be categorised as metal alloys, plastics, rubber and other materials. The segment of metal alloys dominated the AM market with a 58.25% market share in 2018 and is anticipated to still have the highest CAGR by 2025. The main metal alloys being used in the aerospace industry are aluminium, nickel and titanium alloys. These alloys are mostly used for producing engine injectors and nozzles, and propulsion hardware. Moreover, fused deposition modelling, laser sintering, 3D printing, electron beam melting and stereolithography are the subcategories of the AM market considering the AM technology used in the AM market. Among these subcategories, 3D printing is expected to show the highest CAGR thanks to the capability of this technology for lightweight and raw material-effective manufacturing throughout the forecast period. The main subcategories of the region-based AM market are Europe, Latin and North America, Africa, Middle East, and Asia-Pacific. In 2018, North America, followed by Europe, dominated the AM market recording 38.86% market share and is expected to have the highest CAGR until 2025. In this region, some of the key players, such as 3D Systems and Stratasys Ltd, are expected to lead the significant growth in the AM market [47].
4. Impact of COVID-19 on the Global Aerospace Market and Sector
The world has been recently experiencing an unpredictable global pandemic disease named the novel coronavirus (Covid-19) which has spread across the massive human population all over the world. While the first Covid-19 case was detected at the Wuhan province of China in December 2019 [52], the virus has affected almost every part of the world even though the spread of the virus has been lately detected in South America and United State of America (USA) [53, 54]. During only the following three months, the number of Covid-19-infected people around the world reached to 5 million until May 2020 and more than 90% confirmed cases were recorded outside China [55]. As an outcome of this situation, the first global alert has been issued by the World Health Organization (WHO) on the 30th of January 2020. Then, the WHO announced Covid-19 disease as a globally pandemic threat on the 11th of March 2020 due to the soared case numbers confirmed [56].
The global economy has been affected by several factors because of problems in banking and energy, such as the oil crisis, Iran-Iraq war, gulf crisis, asian crisis, SARS and 2008 financial crisis. However, the current Covid-19 crisis, which is classified as a pandemic health crisis deriving from the Covid-19 pandemic, has inevitably impacted the global economy involving several subsectors, e.g. aerospace, automotive and tourism. The loss of the global economy due to the Covid-19 pandemic was estimated by the Asian Development Bank on the 15th May 2020 as: ‘’The global economy could suffer between $5.8 trillion and $8.8 trillion in losses—equivalent to 6.4% to 9.7% of global gross domestic product (GDP)—as a result of the novel coronavirus disease (Covid-19)‘’ [57]. Therefore, several global supply chains, e.g. manufacturing and transportation sectors, have been significantly affected by the disease [58]. The impact of Covid-19 varies in different sectors resulting from differences in the level of supply patterns and demand [59]. From this perspective, the international transportation sector that can be directly associated with the aerospace sector was impacted relatively first as the profits of these companies are highly dependent on movement. The aerospace industry was mainly restricted by the extensive restrictions in aviation activities, national lockdowns and tight border precautions leading to several detrimental outcomes as given in Figure 8 [60, 61]. An example of the impact on the movement is that International Air Transportation Association (IATA) anticipated $113 billion lost in the aerospace industry revenue because of a nearly 55% decrease in the revenue passenger kilometres (RPKs). Note that RPKs term is described as a measurement of airline traffic determined by multiplying the number of revenue-paying passenger in domestic and international routes [62].
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	Fig. 8: Summary of the outcomes of the Covid-19 pandemic on the global aerospace sector [63]


The incurred loss of the aerospace industry caused by Covid-19 have been reported in several research. According to Airports Council International (ACI) [64], 40% lost in passenger traffic and more than $76 billion lost regarding airport revenues all worldwide airports in this year were reported as comparison to the data collected in 2019. International Civil Aviation Organization (ICAO) [65] also projected a decline ranging between 44% and 80% in the number of international passengers in 2020 compared to the previous year. As seen in Figure 9, the world passenger traffic has increased gradually although several crisis and pandemics experienced from 1945 until today. However, the aerospace industry and sector have never experienced such dramatic decline caused by Covid-19 as can be seen from the data of world passenger traffic reported by ICAO [66].
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	Fig. 9: Evolution of world passenger traffic between 1945 and 2020 [67]


There are several sectors that the aerospace industry has a wide range of collaboration and interaction with regarding to the supply chain and interactions of this sector. As a result of this, Covid-19-based impacts in the aerospace industry has, in turn, resulted in an immense negative influence on related sectors, such as manufacturing (aerospace application, AM) and tourism (air travel) [68]. The region-based changes regarding the seat offered (capacity), passenger flown, and airline revenue drop due to Covid-19 are given in Figure 10, note that yellow arrows represent the most optimistic scenario, while red arrows represent the most pessimistic scenario [63]. The 7-13% of total Covid-19-based job losses can be linked with job losses in large aerospace companies. Several experts asserted that the impact of the pandemic can be recovered in the aerospace industry at least six years later [69]. The Covid-19 pandemic, on the other hand, caused some positive effects in addition to the detrimental impacts mentioned in this section. Some examples of the positive impacts of the Covid-19 pandemic are decreased CO2 emission in the atmosphere, reduced primary energy use and environmental noise, and improved air quality [70].
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	Fig. 10: Economic impacts of Covid-19 on the global aerospace sector [63]


5. Conclusions
This study presents a review of the historic and forecasted market trends of the global aerospace AM market, factors affecting the adoption of AM process in the aerospace industry that lead to a growth in the market, and the effects of Covid-19 pandemic on the adoption and aerospace sector. From this study, these conclusions have been deduced by the authors:
1. The global aerospace AM market is significantly affected by the adoption and innovative developments of AM technology and materials science. The positive forecasts regarding the potential of the global AM market have mainly been based on anticipated future developments in AM technology aiming to extend the adoption of AM in the aerospace industry and innovations in materials science.
1. Although the forecast for the global aerospace AM market had notably decreased due to the impacts of the Covid-19 pandemic on the global aerospace industry and sector, the overall future forecasts are reaching a consensus, mainly anticipating a long-term recovery in the market. The long-term recovery is anticipated by the main aerospace authorities to last longer than six years; however, the recovery is expected to spread over the following ten years due to the delay in the adoption of AM technology in the aerospace industry during the pandemic.
1. The aerospace industry is forecasted to keep being one of the major contributors to the AM market, almost tripling its market revenue until 2025. This forecast can be surpassed by eliminating the most impactful limitations of AM technology for the aerospace industry as these limitations can accelerate the adoption of this technology to a great extent. The main limitations that need to be overcome to accelerate the adoption are: (i) the lack of globally accepted certification and standardisation particularly for mission-critical aerospace components, (ii) the high cost of aerospace materials for AM applications, (iii) limited component size that can be printed, and (iv) the slow fabrication speed of AM process for the aerospace applications.
1. Aerospace companies can achieve the maximum potential cost reduction in the manufacturing of aerospace components and progressive improvement in the aerospace industry by implementing new technologies to some extent together. In this regard, the AM technology is one of the essential technologies, such as digital control, lean manufacturing and Industry 4.0., that can contribute the cost reduction and progressive improvement.
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