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Abstract: Additive manufacturing (AM), also known globally as three-dimensional (3D) 
printing, has been gaining traction, since it allows the use of digital models to directly 
produce components by depositing the required materials one layer at a time. In contrast 
to conventional subtractive manufacturing processes, the greatest advantage of AM lies 
in the significant reduction of material waste, while simultaneously enabling much more 
complex structures, whose topology optimisation may be easily performed, with a wide 
range of geometric forms. Owing to these outstanding characteristics, AM is now an 
essential technology in high-value industrial fields, such as aerospace and aeronautics, 
where performance, weight reduction, and design flexibility are key requirements. 
Particularly, metal additive manufacturing (MAM) has been growing significantly, with 
powder bed fusion (PBF) currently being the most widely used process, followed by 
directed energy deposition (DED) and material extrusion, although the latter is still 
mostly applied to polymers. The wide range of industrial applications of these 
technologies includes aircraft ducts, brackets and housings, structurally optimised 
components, in addition to the repair and manufacture of high-value parts, such as turbine 
blades and rotor shafts. This review offers a descriptive and updated overview of the state-
of-the-art of additive manufacturing technologies applied to the aerospace and 
aeronautics sectors. It analyses current applications, materials used, and process paths, 
while critically discussing the key technological and regulatory challenges that continue 
to limit broader industrial adoption, especially in terms of quality assurance, process 
repeatability, certification, and compliance with the tight industry standards. 
Furthermore, emerging trends and future research directions are outlined, providing a 
forward-looking perspective on this technology’s role in shaping next-generation 
aerospace components. By consolidating dispersed knowledge and synthesising recent 
scientific and industrial advances, this article’s objective is to serve as a foundational 
reference for both established researchers and newcomers to the field, supporting 
informed research, technology development, and industrial decision-making in metal 
additive manufacturing for aerospace applications. 

 Keywords: additive manufacturing; powder-bed fusion; directed energy deposition; 
aerospace; aeronautics 
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1. Introduction 

Additive manufacturing (AM), generally known as 3D printing, has been rising in the last few decades as 
one of the most transformative technologies in many sectors, with a special relevance for modern aerospace and 
aeronautical production systems. Its capability to fabricate complex geometries, reduce material waste, and 
decrease the overall weight through topological optimisation has positioned it as a key enabler of next-generation 
design and production paradigms. Over the past decade, AM has transitioned from a prototyping tool to a viable 
method for the production of flight-critical components, significantly influencing design flexibility, part 
consolidation, and supply chain efficiency [1,2]. 

Historically, the conceptual foundation of AM dates back to 1981, when a Japanese researcher, Hideo 
Kodama, first proposed the idea of a photopolymer-based rapid prototyping system using layer-by-layer 
deposition. Then, in 1984, the American engineer Chuck Hull developed stereolithography (SLA) technology, one 
of the first practical 3D printing processes. Two years later, in 1986, Hull had this technology patented and founded 
the 3D Systems company, selling the first commercial 3D printer, and in the 1990s new techniques started to arise, 
such as selective laser sintering (SLS) and fused deposition modelling (FDM). Since then, from the beginning of 
the 21st century, continuous technological advances have expanded AM’s reach beyond polymer prototypes into 
high-performance metallic and composite structures, which have spread to the medical, aeronautics and 
construction industries [3]. This evolution has allowed aerospace manufacturers to transition from limited 
experimental components to certified flight hardware. 

The aerospace industry, traditionally driven by high performance and strict certification standards, has 
increasingly integrated AM to meet the dual objectives of lightweighting and cost reduction. Studies indicate that 
AM allows for the optimisation of structural components, improving fuel efficiency while maintaining mechanical 
integrity [4,5]. Furthermore, the ability to directly manufacture high-performance polymer and metallic 
components, using titanium or Inconel, without extensive tooling has drastically shortened production lead times 
and enabled localized, flexible manufacturing systems [6,7]. Recent research emphasizes that the adoption of AM 
in aerospace extends beyond part fabrication to encompass a new digital ecosystem [8]. This includes robotic-
assisted deposition systems, in-situ monitoring, and data-driven process optimisation that support Industry 4.0 
integration [9–11]. Such advancements are crucial for ensuring the repeatability and reliability required for 
airworthiness certification, a long-standing challenge that continues to define the AM industrialisation [3,12]. 
Nevertheless, the sector still faces several critical barriers. Issues such as process standardisation, certification of AM 
parts for flight use, surface finish quality, and the high cost of metal powders remain significant obstacles [13,14]. 
Moreover, the qualification of AM components for structural applications demands rigorous testing and validation 
protocols that often offset the potential time savings of digital production [15,16]. 

Looking ahead, AM’s evolution in aerospace manufacturing is expected to be shaped by hybrid processes, 
automation, and material innovation [17,18]. The integration of artificial intelligence for real-time process control 
and predictive maintenance will likely enhance production scalability and part reliability [19,20]. As noted by Rossi 
et al. [12], the synergy between advanced materials, simulation tools, and data analytics will further accelerate the 
maturity of AM as a cornerstone technology for sustainable and adaptive aerospace manufacturing [21–23]. While 
additive manufacturing has already proven its value in the aerospace and aeronautical domains, its full industrial 
realization depends on continued advancements in material science, process certification, and digital integration. 
The convergence of these elements defines the current state of AM in aerospace and highlights the transformative 
trends that will shape its future trajectory. 

According to the American Society for Testing and Materials (ASTM), AM encompasses a group of seven 
distinct process categories illustrated in Figure 1: vat photopolymerization, sheet lamination, material jetting, 
directed energy deposition (DED), powder bed fusion (PBF), material extrusion and binder jetting [13]. Among 
these, PBF has proven particularly significant for aerospace-grade metal components, as it employs a concentrated 
heat source—typically a laser or electron beam—to selectively fuse fine metallic powders into dense, near-net-
shape parts [1,12]. Every category comprises several different techniques, some more known and used in industry 
than others, generally grouped by energy source or material family. Due to a lack of agreement in the nomenclature 
of some techniques, with the same process referred to under several names, and some references only mentioning 
the most used ones or mixing them, researchers new to this field tend to be lost among a great amount of AM 
processes, not knowing the differences between them or how to compare them. For this reason, Figure 1 lists every 
existent AM category and the respective techniques hierarchically organized. 
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Figure 1. Additive manufacturing different categories and respective techniques. 

The vat photopolymerization category’s most well-known technique is stereolithography (SLA), which 
involves a liquid photopolymer thermosetting resin contained in a tank that is processed by selectively delivering 
energy (a light source, usually ultraviolet (UV) laser or projector) along a specific path to cure specific regions of 
a part cross-section. On the other hand, digital light processing (DLP), projects a light source to cure an entire 
layer at once, instead of one path at a time, which is much faster. Other techniques in this category include 
continuous DLP (cDLP), Carbon3D CLIP and daylight polymer printing (DPP). 

Sheet lamination consists of sheets of material deposited layer-by-layer, bonded and cut to shape. Its most 
common process is laminated object manufacturing (LOM), although ultrasonic additive manufacturing (UAM) 
and other thermal bonding techniques are also used. 

In material jetting, droplets of a photopolymer or wax are jetted layer-by-layer and cured with UV light. It is 
divided into continuous jetting or several drop-on-demand processes. 

In directed energy deposition (DED), a focused energy source is used to melt material at the same time as it 
is deposited, usually via a nozzle, through a single deposition device. It is usually used to repair components by 
adding material to an already existing part. Its main techniques, depending on the energy source used, are laser 
engineered net shaping (LENS), wire arc additive manufacturing (WAAM) and electron beam additive 
manufacturing (EBAM). 

Powder bed fusion (PBF) is currently the most widely adopted method for metal additive manufacturing. 
This process uses a container filled with powder that is fused selectively using an energy source in an inert gas or 
vacuum environment to prevent oxidation. Its main techniques are selective laser sintering (SLS), selective laser 
melting (SLM), multi jet fusion (MJF) and electron beam melting (EBM). 

Material extrusion works by passing a melted thermoplastic filament through a heated nozzle and depositing 
it one layer at a time. This category is divided into fused deposition modelling (FDM) and liquid deposition 
modelling (LDM), with the latter using materials in the liquid state, such as biomaterials, ceramics and cement. 

Finally, in binder jetting, a liquid binding agent, such as metal, sand or ceramic, is selectively deposited onto 
a powder bed, cured and later sintered or infiltrated to achieve its final properties. Its techniques depend on the 
used material. 

The success of AM in aerospace production depends on the precision of the layer-by-layer deposition. Each 
layer’s dimensional accuracy directly affects part integrity, surface finish, and fatigue performance—parameters that 
are critical for flight applications [6,7]. Process reliability is maintained through advanced thermal management, in-
situ monitoring, and data-driven control strategies that ensure consistency across builds [9]. A wide range of 
materials—polymers, metals, ceramics, and advanced composites—has been adapted for additive processing; 
however, challenges remain concerning process optimisation, porosity control, residual stress reduction, and 
reproducibility [24,25]. The metallurgical quality and microstructural anisotropy of AM-produced alloys continue to 
be areas of extensive research, as they directly influence mechanical strength and fatigue life [14,15,26]. Furthermore, 
the qualification and certification of AM parts for flight use demand rigorous non-destructive evaluation and 
mechanical validation to comply with stringent aerospace standards [4,12,27]. Despite these challenges, the transition 
from prototyping to full-scale production demonstrates AM’s maturing industrial viability. Hybrid systems that 
integrate AM with traditional machining, together with digital simulation and robotic-assisted manufacturing, are 
expected to further improve precision and productivity [9,20]. Consequently, AM is increasingly recognised not only 
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as a manufacturing tool, but also as a strategic enabler of innovation, sustainability, and digital transformation in the 
aerospace sector [5,21,28]. 

Figure 2 shows an example of an SLA-printed component, one of the vat photopolymerization processes. 

 

Figure 2. Schematic of the SLA 3D printing process and a print process (adapted from [29]). 

2. Methodology 

The literature review presented in this study concerning the use of Additive Manufacturing (AM) in the 
aerospace and aeronautics sectors was performed using the scientific database Scopus, by Elsevier, and its 
advanced search strings within “Article title, Abstract, Keywords”, spanning a 17-year period from 2010 to 2026 
and considering only papers published in the English language. This database was chosen due to its 
multidisciplinary coverage of content, as well as quality and curation of its sources. At the time this article was 
written, the Scopus search string (“Additive Manufacturing” OR “3D Printing”) resulted in 161,635 results found, 
whereas using only (“Additive Manufacturing”) resulted in just 94,170 results. When the industries under study 
are added, for (“Additive Manufacturing” AND “Aerospace” OR “Aeronautics”), in order to search for a more 
specific topic, the number of papers decreases drastically to 6358 articles. 

From the search carried out considering additive manufacturing processes either in aerospace or aeronautics, 
133 distinct references were selected to incorporate the body of this review, with the distribution across the 
considered time period proportional to the number of papers published each year in Scopus. The selection of 
references was carefully curated around the central themes of the current status, future trends, applications, and 
material science pertaining to AM in this high-specification industry. Figure 3 shows the evolution of the number 
of papers per year in Scopus from 2010 to 2026 considering the topic of additive manufacturing in aerospace or 
aeronautics in total (Figure 3a) and the number of papers used for this review (Figure 3b). It can be seen that the 
studies comprising aerospace components produced via additive manufacturing started to increase more 
significantly 10 years ago, from 2016 onwards; however, in this review a higher number of papers was considered 
only from 2019, in order to keep it as updated as possible. The temporal distribution of the literature reflects the 
rapid acceleration of research in this domain, confirming its status as a critical and evolving field of study. 

As observed through Figure 3a, this concentration, with over 50% of the references published in the last four 
years, underscores a profound shift in the research paradigm. Initially, the academic focus centred on the 
fundamental concepts and high-level potential of AM, often exploring its ability to revolutionise the defence and 
aerospace industries [30] or providing general overviews of challenges and opportunities [13,14]. Regardless, more 
recently the paradigm has transitioned from conceptual exploration to the stringent technicalities of qualification, 
performance, and integration [31]. Current research is dominated by detailed, application-specific topics such as 
the design and qualification of additively manufactured manifolds for aircraft landing gear applications and the 
assessment of anisotropic effects on topology optimisation [32,33]. These sophisticated studies, which include a 
design for qualification framework [34], mean that AM has moved beyond novelty to become a core manufacturing 
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strategy for mission-critical aerospace parts [12]. Consequently, this review places significant emphasis on 
literature detailing advancements in material properties and validated applications to accurately reflect the current 
state of industrial adoption and future trends. Figure 4a and Figure 4b show the number of references found by 
country and by publisher, respectively, using the mentioned keywords. Globally, the USA, China and India lead 
the research on this topic, with more than double the number of scientific articles than the other countries. 
Regarding the major editors, Elsevier stands on top, followed by Springer and MDPI. 

 

Figure 3. Number of articles on additive manufacturing in aerospace or aeronautics per year in Scopus (a) in total 
and (b) used in this study (2010–2026). 

 

Figure 4. Number of articles on additive manufacturing in aerospace or aeronautics in Scopus (a) by country and 
(b) by publisher. 

Figure 5’s graph represents the number of references found in Scopus featuring the different additive 
manufacturing main categories applied in aerospace or aeronautics, to highlight the ones which are the subject of 
more research studies. Among all, PBF is majorly isolated from the remaining ones, leading with 73% of the 
articles. After it, Material Extrusion and DED complete the podium of additive manufacturing categories used for 
component production. 
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Figure 5. Number of references on additive manufacturing in aerospace or aeronautics in Scopus by category. 

3. Additive Manufacturing in Aerospace and Aeronautics 

The current status of AM in the aerospace and aeronautics sectors is characterised by a critical transition from 
rapid prototyping and non-critical applications to the serial production of flight-critical components. This shift 
introduces substantial technical hurdles, with the most prominent challenges revolving around process 
standardisation and component qualification. Achieving the stringent mechanical properties and consistent quality 
demanded by the industry requires robust, real-time quality control techniques [35,36]. Furthermore, the complex 
process-structure-property relationships inherent to AM make certification a difficult and expensive endeavour, 
demanding new data-based frameworks for material and process validation [37,38]. Consequently, overcoming 
issues related to residual stresses, porosity, and anisotropy is critical for reducing potential failure modes and 
ensuring long-term durability of the components in harsh operating environments [39]. 

3.1. Industrial Applications 

This technology’s ability to fabricate complex geometries that are impossible to achieve with conventional 
subtractive manufacturing has led to diverse applications, ranging from propulsion systems to structural airframe 
components and specialised electronics. One of the most significant areas of impact is the development of propulsion 
components where thermal management and fluid dynamics are critical. AM facilitates the creation of intricate 
internal channels for cooling and weight reduction. Recent advancements have demonstrated the fabrication of high-
performance heat exchangers with complex lattice structures that significantly enhance thermal efficiency compared 
to traditional designs [40,41]. For space exploration, for example, AM is enabling the production of robust alloy 
components capable of withstanding extreme environments found in next-generation propulsion systems [42–44]. 
The technology is also being applied to manufacture interior components, as seen in Figure 6. 

The drive for lightweighting—reducing mass to improve fuel efficiency and payload capacity—has 
accelerated the use of AM for structural hardware. Research has successfully validated the design and qualification 
of additively manufactured manifolds for aircraft landing gears, proving that AM parts can meet the rigorous safety 
standards required for flight-critical hydraulic systems [45]. There is a growing trend in replacing heavy hydraulic 
systems with lighter electric alternatives. For instance, lightweight aerospace electric actuators have been designed 
and manufactured using AM, optimising the balance between weight and mechanical output [46,47]. In the 
unmanned aerial vehicle (UAV) sector, generative design combined with 3D printing is being utilised to optimise 
quadcopter drone frames, significantly reducing weight while maintaining structural stiffness [48–50]. 

AM is increasingly entering the domain of avionics and sensors, enabling the integration of electronic 
functionality directly into structural components. The fabrication of 3D-printed antennas using advanced materials, 
such as graphene filaments and copper tape, is emerging as a viable method for producing high-tech air 
components [51,52]. Methodologies are being developed to implement electronic circuits directly into 
multifunctional miniaturised thermoplastic enclosures, streamlining the assembly of avionic systems [53]. 
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Additionally, inkjet-printing technologies are being characterised for producing gold films used in airborne 
equipment under varying temperature conditions [54]. In the satellite sector, AM is being applied to the production 
of aerospace-grade Carbon Fibre/Silicon Carbide (Cf/SiC) space optics, achieving the transition from complex 
shaping to mirror-finish quality required for orbital observation [55,56].  

The flexibility of AM is extensively leveraged in the production of aircraft interior components, where the 
primary goals are weight reduction, customisation, and passenger comfort. Unlike critical structural parts, these 
components often utilise high-performance polymers and complex design strategies [57]. An example of this can 
be found in Figure 7. 

 

Figure 6. Production of aircraft components using additive manufacturing (adapted from [58]). 

 

Figure 7. Airbus lattice structure of a partition wall produced by laser PBF (adapted from [59]). 
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In the Material Extrusion category, FDM and other polymer-based AM technologies are widely employed to 
manufacture functional interior parts, for example ducts, brackets, and cabin fittings. Research highlights the 
growing use of high-performance polymers and nanocomposites, which offer the necessary flame retardancy and 
mechanical strength for aerospace environments [60,61]. Additionally, polymer FDM is being optimised for 
creating lightweight structural cores, such as honeycomb sandwich composites filled with polyurethane foam, 
which provide excellent acoustic and thermal insulation properties for cabin panels [62,63]. A key advantage of 
AM for small parts is the ability to implement lattice structures (intricate, cellular geometries that replace solid 
components) to drastically reduce weight without compromising stiffness [64,65]. The systematic review by Khan 
and Riccio [66] on design for AM emphasizes the critical role of these structures in aerospace, where mass 
reduction is paramount. 

Studies have shown that the geometric design of these lattice elements significantly influences the section 
properties and overall performance of the component [67,68]. Beyond weight saving, these complex designs allow 
for the consolidation of assemblies. For instance, threaded parts and fasteners, traditionally manufactured 
separately, can now be integrated directly into larger printed assemblies or optimised for specific loads [44,69]. 
The fabrication of reticulated mesh arrays and foams using EBM is another emerging application for lattice 
elements. These porous structures are designed for specific functional requirements, such as vibration damping or 
impact absorption in small internal components, further illustrating the shift from solid-block design to 
functionally graded architectures [70]. 

3.2. Technologies and Materials in Aerospace Additive Manufacturing 

Although polymers and composites are important in this sector, to understand the current paradigm of AM in 
aerospace, it is fundamental to detail the specific technologies utilised for metals. These technologies dominate the 
production of critical components, such as turbines and engine parts, where structural integrity is paramount [71,72]. 
The appropriate AM process selection is strictly dictated by the material properties required, size of the component, 
and specific application within the aircraft or spacecraft [3,73]. 

Metal laser beam PBF (PBF-LB/M), to which the SLM and DMLS techniques belong, stands as the most 
extensively investigated technology for high-performance aerospace alloys [72,73]. Its operation occurs within a 
chamber controlled by inert gas (typically argon or nitrogen) to prevent oxidation during the rapid melting and 
solidification phases [73,74]. It is particularly dominant in processing nickel-based superalloys (such as Inconel 
718) and ultra-high-strength steels [62]. Other advanced materials, such as Scalmalloy, aluminium-lithium-based 
alloys or oxide dispersion-strengthened alloys are also being processed using this technology, while facing 
challenges specific to each material’s properties [75–77]. Hu et al. [78] wrote a review where the complex cracking 
mechanisms of CM247LC nickel-based superalloys, as well as the respective crack suppression strategies, are 
discussed. This process is susceptible to defects, such as warpage and residual stresses, due to the high thermal 
gradients involved, necessitating careful control of thin-walled structures [74]. The fatigue life of metals processed 
by this technique is a critical area of study, as process parameters directly influence the density and microstructural 
integrity of the final part [37]. 

On the other hand, EBM is a PBF technology that distinguishes itself by using a high-energy electron beam 
rather than a laser [79]. A key advantage of EBM is its vacuum environment and high-temperature build chamber 
(typically maintained between 500–800 °C), which acts as an in-situ heat treatment, resulting in significantly lower 
residual stresses compared to SLM [80,81]. This thermal characteristic makes EBM highly effective for processing 
crack-prone materials, such as titanium aluminides (TiAl) and pure tungsten [81]. Furthermore, EBM is 
extensively used to fabricate reticulated, porous mesh arrays and foams, which are essential for lightweighting and 
specific functional aerospace applications [82]. The vacuum environment provides superior protection against 
oxidation compared to inert gas atmospheres, which is critical when processing reactive titanium-based alloys (Ti-
6Al-4V) for flight-critical hardware [80]. 

Unlike the two previous PBF techniques, DED covers a category of processes where the material—supplied as 
either powder or wire—is fused by a focused energy source (Laser, Electron Beam, or Electric Arc) simultaneously 
as it is deposited [46,83]. A prominent subset of DED, WAAM is gaining traction for the production of large-scale 
aerospace components due to its high deposition rates and cost-efficiency [32,83]. It is particularly relevant for 
materials like titanium and aluminium, where reducing the buy-to-fly ratio is essential [84–86]. DED is uniquely 
suited for the repair of high-value components, such as turbine blades, and for retrofitting legacy parts. It allows 
for material to be added to existing structures, a capability not easily achieved with PBF systems [32,46,87,88]. 
This is the case of the study made by Chen et al. [89], which presents a synchronous induction-assisted laser DED 
method that simultaneously achieves crack suppression and enhanced directional grain growth in M247 nickel-based 
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superalloy, with significant implications for aeroengine blade repair. Recent advancements in ‘digital twin’ 
manufacturing for WAAM are enhancing the precision and predictability of this process for tooling applications [83,90]. 
Figure 8 contains a SWOT analysis of the SLM, EBM and DED technologies, highlighting their strengths, weaknesses, 
opportunities and threats when compared to other techniques and each other. 

 

Figure 8. SWOT analysis of the SLM, EBM and DED technologies. 

3.3. Critical Materials for Aerospace Additive Manufacturing 

The viability of AM in aerospace is intrinsically linked to the availability and qualification of materials 
capable of withstanding extreme operational environments. The current research landscape focuses heavily on 
characterizing the microstructural evolution and mechanical properties of these materials when processed via AM 
to ensure they meet the rigorous certification standards required for flight [44]. 

Metals constitute the largest proportion of critical AM applications. Research emphasizes the need to control 
anisotropic properties and defects inherent to the layer-by-layer deposition process to match or exceed the 
performance of wrought counterparts [72]. 
o Titanium-based alloys: 

Titanium, particularly Ti-6Al-4V, is a focal point due to its high strength-to-weight ratio. Research into 
WAAM of titanium has shown great promise for producing large structural components, reducing the ‘buy-to-fly’ 
ratio [84,86,91]; however, challenges regarding oxidation kinetics during deposition remain a critical concern, as 
oxygen uptake may embrittle the material [80]. Post-processing techniques, such as Hot Isostatic Pressing (HIP), 
are often investigated to eliminate porosity and optimise the microstructure of these alloys [40]. 
o Nickel-based superalloys: 

Essential for hot-section engine components, nickel-based superalloys are extensively studied for their ability 
to maintain mechanical properties at high temperatures. The complex crystallographic texture evolution during the 
printing process requires precise control to prevent cracking and ensure creep resistance [92]. Additionally, low-
expansion alloys, such as the Invar 36, are being investigated for use in composite tooling and precision instruments, 
where heat input during DED processes must be managed to preserve specific microstructural phases [93]. 
o Aluminium-based alloys and steels: 

High-strength aluminium alloys are increasingly processed via arc additive manufacturing for airframe 
applications, addressing the historical challenges of porosity in aluminium AM [85]. Concurrently, research on 
steels, including ultra-high-strength steel and 316L stainless steel, focuses on optimising fatigue life and 
understanding the behaviour of ‘as-built’ versus heat-treated states to predict long-term durability [62,94]. 
o Copper-based alloys: 

A renewed interest in copper-based alloys is driving the development of high-efficiency heat exchangers and 
combustion chamber liners. AM enables the production of complex internal cooling channels in these highly 
conductive materials, which were previously impossible to manufacture using traditional methods [95]. 
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Despite the widespread use of metals, the paradigm shift toward lightweighting has accelerated the adoption of 
advanced polymers and composite materials as well, especially for non-critical and semi-structural applications [96]. 
o High-performance polymers: 

Materials such as PEEK and functional nanocomposites are being tailored for aerospace use. These materials 
must exhibit high thermal stability, chemical resistance, and flame retardancy [97–99]. 
o Composite structures: 

There is a significant trend toward additive manufacturing of composites [100]. Studies on Carbon-Reinforced 
PEEK and polymer-based sandwich structures, specifically honeycomb cores filled with polyurethane foam, 
demonstrate substantial potential for energy absorption and acoustic insulation in aircraft interiors [48,61,101]. 
Furthermore, the integration of metallic particles into polymer matrices is expanding the functional capabilities of 
FDM-printed parts, allowing for tunable magnetic or thermal properties [60]. The critical review of the material-
process-design interplay remains essential for the broader adoption of these aerospace composites [102]. 

In contrast to the two families of materials previously described, ceramics represent the frontier of high-
temperature AM applications, offering solutions where metals reach their thermal limits. Ceramic Matrix 
Composites (CMCs) are being developed for gas turbine engine applications to withstand temperatures exceeding 
those of metal superalloys [103]. Laser sintering techniques are also being refined to process these difficult-to-
manufacture materials for aeronautical applications [104]. 

In the space sector, specialised applications such as aerospace-grade Cf/SiC are enabling the production of 
lightweight, high-precision space optics. Recent advancements have demonstrated the ability to transition from 
complex AM shaping to achieving a mirror-finish quality required for optical instruments [105]. The 
interrelationship between traditional and additive approaches is the key to advancing ceramics in defence and 
aerospace contexts [106,107]. 

3.4. Quality Challenges: Defects and Microstructural Integrity 

Despite the geometric freedom offered by Additive Manufacturing, the transition from prototyping to flight-
critical hardware is significantly hindered by the quality and reliability of the ‘as-built’ components. The layer-by-
layer consolidation process introduces unique microstructural features and defects that differ fundamentally from 
those found in wrought or cast materials, serving as the primary obstacles for aerospace certification [3,108]. 

The thermal history of AM processes, particularly in SLM, involves extreme heating and cooling rates  
(≈103–108 K/s). This rapid solidification results in a non-equilibrium microstructure that dictates mechanical 
performance [109]. The following bullet points describe key parameters where the AM components’ structural 
integrity influences the appearance of defects: 
o Grain structure and texture: 

In nickel-based superalloys like Inconel 718, the directional heat flux typically creates strong crystallographic 
textures characterised by fine, elongated columnar grains growing parallel to the build direction. This 
heterogeneous structure leads to significant mechanical anisotropy, where properties such as tensile strength and 
ductility vary depending on the loading orientation relative to the build axis [92,110]. 
o Phase formation: 

The rapid solidification suppresses the formation of equilibrium phases. Instead, the ‘as-built’ matrix is often 
characterised by a saturated matrix with the segregation of alloying elements (Nb, Mo, Ti) into interdendritic 
regions. This segregation promotes the formation of brittle gamma phases and carbides, which are detrimental to 
ductility and fatigue life unless corrected by subsequent heat treatment [40,92]. Residual stresses are an inherent 
byproduct of the steep thermal gradients and cyclic thermal expansion and contraction experienced during the 
SLM process. 
o Mechanisms and impact: 

As the laser spot moves, the molten pool expands, but its expansion is restricted by the cooler surrounding 
material. Upon cooling, the material contracts, inducing tensile residual stresses in the solidified layer. These 
stresses can exceed the yield strength of the material, leading to geometric distortion (warpage), delamination 
between layers, or even detachment from the build plate [74]. 
o Fatigue performance: 

Residual stresses are particularly critical for aerospace components subject to cyclic loading. Tensile residual 
stresses near the surface can accelerate crack initiation and propagation, severely reducing the fatigue life of the 
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component compared to stress-relieved counterparts [37,94]. Research indicates that vertical residual stresses are 
typically of greater magnitude than horizontal stresses due to the thermal accumulation along the build direction [81]. 
o Porosity: 

Porosity remains a critical defect that compromises the structural integrity of aerospace parts by acting as 
stress concentrators that facilitate failure [111]. This typically occurs when the energy density is too high. The 
laser penetrates deeply into the material, causing metal vaporisation that creates a cavity. If the molten pool 
collapses before the vapour escapes, gas bubbles become trapped, leaving spherical pores [112]. 
o Lack of fusion (LoF): 

Conversely, insufficient energy input or inadequate overlap between scan tracks prevents the powder’s 
complete melting. This results in irregular, sharp-edged voids between layers, which are far more detrimental to 
mechanical properties than spherical gas pores due to their notch effect [46,113]. 
o Detection: 

Given the internal nature of these defects, non-destructive testing (NDT) methods such as X-ray 
microtomography are essential for qualifying critical geometries and validating process parameters [114–116]. 
Not only this technique, but also ultrasounds, eddy currents and thermography are examples of important NDT 
methods for defect identification in the aerospace field. They allow the observation of internal defects within the 
AM component’s structure which cannot be detected with the naked eye [117]. 

Solidification cracking (or hot tearing) is a phenomenon driven by the thermal contraction of the metal during 
the final stages of solidification. If the developing tensile stresses, usually caused by constraints from the 
surrounding solid material, exceed the mechanical strength of the semi-solid mushy zone, cracks form along grain 
boundaries [85]. This is a prominent challenge in processing high-strength aluminium-based alloys and certain 
superalloys, necessitating precise control of the heat input and alloy composition to mitigate defect formation [93]. 

Figure 9 provides a comprehensive graphical synthesis connecting materials, AM processes, aerospace 
applications, and engineering requirements. 

 

Figure 9. Sequential framework mapping feedstock materials, dominant AM technologies, targeted aerospace 
components, and critical performance requirements. 

3.5. The Critical Role of Post-Processing in Aerospace AM 

While the additive manufacturing process defines the geometry, the post-processing phase determines the 
final performance. In the aerospace sector, ‘as-built’ components rarely meet the stringent certification 
requirements for fatigue life, ductility, and surface integrity required by flight-critical applications. Consequently, 
a robust post-processing chain is essential to transition a printed part from a prototype to functional hardware 
capable of withstanding demanding operational environments [111]. 
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The extreme heating and cooling rates inherent to processes like SLM result in high residual stresses and 
metastable microstructures characterised by segregation and undesirable phases. Thermal treatments are 
indispensable for relieving these stresses and evolving the microstructure to achieve optimal mechanical 
properties. The primary stage of heat treatment, solution annealing (SA), targets the dissolution of deleterious 
phases formed during non-equilibrium solidification. In nickel-based superalloys such as Inconel 718, the ‘as-
built’ state often contains brittle gamma phases and carbides segregated in the interdendritic regions, which 
compromise ductility [92]. Figure 10 shows a heat treatment curve of Inconel 718. 

 

Figure 10. Inconel 718 heat treatment: solution annealing followed by double ageing (adapted from [118]). 

The temperature control during Solution Annealing is critical. For alloys like Inconel 718, treating at sufficiently 
high temperatures (e.g., 1065 °C) is necessary to promote the complete dissolution of these segregated phases back 
into the matrix, homogenising the material for subsequent hardening steps. Following homogenisation, a two-step 
ageing process is employed to precipitate the strengthening phases. 

This stage drives the formation of fine, coherent precipitates, specifically gamma prime and gamma double-
prime. These phases are essential for blocking dislocation movement within the crystal lattice, significantly 
increasing the material’s yield stress and tensile strength to levels required for aerospace structural applications. 

For fatigue-critical applications, internal porosity—even at low percentages—acts as a stress concentrator 
that can lead to premature failure. HIP is the standard industry method for maximising component density and 
enhancing fatigue performance. By simultaneously applying high temperatures (often above 1150 °C for certain 
alloys) and high isostatic gas pressure (exceeding 100 MPa), HIP induces plastic deformation and diffusion 
bonding to collapse internal voids. Research on materials such as Ti-6Al-4V confirms that HIP parameters 
significantly influence the final microstructure and are essential for eliminating lack-of-fusion defects [40]. The 
elimination of these internal defects is directly correlated with improved performance. Studies comparing ‘as-
built’ versus HIPed conditions in aerospace alloys demonstrate that HIP significantly extends high-cycle fatigue 
life, making it a mandatory step for fracture-critical hardware [94]. Figure 11 shows an example of this process 
applied in canisters with different levels of titanium in their composition. It may be seen that prior to this method, 
the samples have a long and irregular format, with some heterogeneity, but after the HIP process, they become 
more compact and uniform, resulting from the densification and collapse of internal voids. The gradual increment 
in the titanium percentage in the canisters’ compositions reveals a lower deformation, which indicates that this 
addition increases the specimens’ structural strength. 

The inherent ‘stair-stepping’ effect caused by layer-wise construction, combined with partially melted 
powder particles adhered to the surface, results in high roughness values in AM parts. This roughness is detrimental 
to fluid dynamics and fatigue resistance, requiring surface treatments to reduce it [44]. Techniques such as sanding, 
abrasive flow machining, and polishing are employed to improve surface texture and remove support structure 
remnants (‘witness marks’). To achieve the tight dimensional tolerances and fits required for aerospace assembly, 
finish machining or CNC milling is applied to critical interfaces. This hybrid approach leverages the geometric 
complexity of AM while ensuring the precision of traditional subtractive manufacturing. 

While post-processing corrects defects, in-situ process optimisation aims to mitigate them during fabrication. 
Controlling residual stresses during the build is crucial to prevent geometric distortion (warpage) and cracking 
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before the part is even removed from the build plate [74,119]. These stresses, which are driven by steep thermal 
gradients, can be attenuated by optimising the volumetric energy density. Adjusting parameters such as laser power 
and scanning speed helps manage the heat input and cooling rates. The path the laser takes significantly influences 
stress accumulation. Research indicates that adopting specific strategies, such as a ‘chessboard’ pattern—where 
the layer is divided into small fields scanned in a non-sequential order—is highly effective in breaking up long 
residual stress vectors, thereby reducing the overall residual stress magnitude and minimising warpage [81]. 

Figure 12 shows an end-to-end qualification and airworthiness certification pathway for flight-critical metal 
additive manufacturing components, consolidating the process-structure-property-performance relationship across 
manufacturing and post-processing stages. 

 

Figure 11. Canisters before (top row) and after (bottom row) HIP process with varying Ti addition (adapted from [120]). 

 

Figure 12. Qualification pathway for flight-critical metal additive manufacturing components. 
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4. Discussion: Future Trends and Innovation in Aerospace AM 

The preceding sections have highlighted that while AM offers unprecedented geometric freedom for 
aerospace applications [3,73], achieving the necessary quality levels for flight-critical hardware remains contingent 
on rigorous process control and extensive post-processing [111]. The discussion now turns to the horizon of AM 
integration. The future paradigm of aerospace manufacturing is not just about the printing process itself, but the 
synergistic integration of secondary processes and the continued evolution of material science to address current 
limitations. This section explores emerging research domains—specifically robot-assisted hybrid manufacturing 
and advanced materials engineering—that are poised to drive the next wave of industrial adoption. 

4.1. The Rise of Robot-Assisted Machining in Hybrid Workflows 

As AM technologies, particularly DED, scale up to produce larger structural components in lightweight 
materials like aluminium-based and titanium-based alloys, as well as Carbon Fibre Reinforced Polymers (CFRP), 
the integration of subtractive post-processing becomes unavoidable to meet dimensional tolerance and surface 
finish requirements. Traditional large-gantry CNC machines are often too inflexible or prohibitively expensive for 
very large, complex AM parts. In this context, robot-assisted machining emerges as an economically viable and 
flexible alternative for hybrid manufacturing cells [30,121]. 

Nevertheless, the primary barrier to widespread adoption is the inherent lack of structural rigidity in articulated 
robot arms compared to conventional machine tools. This limitation leads to deflection during cutting forces, resulting 
in geometric inaccuracies that are unacceptable in aerospace applications. Consequently, current research is intensely 
focused on overcoming these limitations through intelligent compensation strategies rather than just mechanical 
stiffening. The integration of multi-sensor measurement systems allows for real-time 6 degrees of freedom (6-DOF) 
positional tracking of the robot end-effector. Furthermore, advanced techniques utilising binocular vision algorithms 
for precise positioning relative to the AM part, coupled with online trajectory compensation methods, have 
demonstrated the capability to reduce machining deviations by up to 90% [30,122]. The ultimate research objective 
in this domain is to consistently achieve geometric accuracy below 100 µm, a threshold necessary for many aerospace 
assembly interfaces, thereby validating robotics as a cornerstone of future hybrid AM factories. 

4.2. Advanced Computational Modelling for Residual Stress Prediction 

The management of residual stresses and associated geometric distortion remains a primary challenge in 
metal PBF, often requiring costly and time-consuming iterative trial-and-error builds to optimise support structures 
and scan strategies [74]. The development of faster, more reliable computational models to predict thermal history 
and stress evolution is paramount. While traditional finite element method (FEM) simulations provide high-fidelity 
insights into temperature fields during processes like selective EBM (SEBM), they are often too computationally 
expensive for routine industrial use on complex part geometries. Future research should prioritise the development 
of reduced-order models and accelerated simulation techniques that can quickly provide reasonably accurate 
approximations of residual stress fields. These predictive tools are essential for enabling ‘first-time-right’ production 
by allowing engineers to optimise orientation and process parameters virtually before actual fabrication [123]. 
Machine learning tools are starting to be adopted in the literature to improve quality control in additively 
manufactured components as well, with the purpose of reducing costs and preventing functional problems [124]. 
This approach is becoming widespread throughout all of the manufacturing processes, as engineers are 
understanding the positive impact and several advantages of these tools, especially for defect prediction, but also 
to improve productivity using fewer experimental campaigns, thereby saving time and resources [125]. 

4.3. Optimisation of Advanced Materials and Surfaces 

Finally, the expansion of AM applications continues to depend on the broadening of the available material 
palette and the enhancement of surface properties. Research must persist in investigating the process-structure-
property relationships for emerging high-performance materials tailored for extreme environments [44,112]. This 
includes not only novel metal alloys, but also the advancement of complex shaping capabilities for aerospace-
grade ceramics and composites, pushing the boundaries of achieving mirror-finish quality directly through 
advanced processing and finishing techniques for applications such as space optics [55,105]. 

Other examples of advanced materials include functionally graded materials, metal-polymer hybrid structures 
and dissimilar materials in general. Multi-material and hybrid material systems are one of the fastest-growing 
research areas in additive manufacturing, due to the advantages brought by combining the properties of two distinct 
materials into a single high-performance structure. Their deposition poses additional complexity, since the AM 
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technology needs to alternately deposit each part in a hybrid approach. The outcome usually shows interfacial 
problems, generated by the lack of adhesion between the different materials. Nasir and Röttger [126] identified 
crucial challenges in fabricating metal-based functionally graded materials (FGMs), namely thermal mismatch, 
phase segregation, and cracking, but whose mechanical properties could be optimised through the integration of 
multi-axis deposition strategies, real-time process monitoring, and hybrid processing techniques. On the other 
hand, Ghanavati et al. [127] reviewed DED and PBF technologies for multi-material production, establishing clear 
manufacturing guidelines for high-demand industries through pathway designs which mitigate brittle intermetallic 
phase formation and severe dilution issues. Furthermore, Tian et al. [128] used ultrasonic vibration during the 
additive manufacturing process as a way of refining the dendritic grain structure and, thus, producing a crack-free 
metallurgical bond between IN738 and CuCrZr, two highly dissimilar and difficult-to-weld alloys. 

4.4. Frontiers in Advanced Materials Engineering 

The advancement of AM processes must occur concurrently with deeper research into materials and their 
properties. Despite the maturity of alloys like Inconel 718 in the aerospace sector, its application via high-thermal-
gradient AM processes introduces complexities which require further investigation. 

A critical ongoing challenge is the significant variability in mechanical properties induced by differing 
process parameters, scan strategies, and build orientations [92,129]. The anisotropic nature of the ‘as-built’ 
microstructure, characterised by columnar grains and segregated brittle phases, means that standard wrought heat 
treatments are often suboptimal for maximising performance [40,92]. Future research efforts must prioritise the 
development of novel, AM-specific thermal treatment cycles. The goal is to move beyond simple stress relief or 
standard homogenisation and develop tailored treatments that can precisely balance conflicting mechanical 
properties—specifically, maximising strength and yield limits without compromising ductility and fatigue 
resistance [94]. This requires a multi-scale understanding of how post-processing affects microstructural evolution 
at a fundamental level [44]. 

4.5. Innovation in Tooling for Difficult-To-Cut Materials 

The efficacy of the post-processing chain is also heavily dependent on the tooling used for finish machining. 
Aerospace alloys, particularly nickel-based superalloys and titanium-based alloys processed by AM, are 
notoriously ‘difficult-to-cut’ due to their high strength, low thermal conductivity, and work-hardening tendencies, 
leading to rapid tool wear and increased production costs. 

Currently, titanium aluminium nitride (TiAlN) coatings produced by the physical vapour deposition (PVD) 
process are widely used due to their reasonably high thermal stability and wear resistance. Nevertheless, to improve 
efficiency in serial AM production, the trend is moving towards the development of next-generation nanostructured 
coatings. Research is increasingly focusing on nanolayered and nanocomposite coating architectures that exhibit 
‘super-hardness’ (exceeding 40 GPa). These advanced coatings are designed to drastically improve resistance to 
abrasive wear and inhibit crack propagation during the machining of highly abrasive AM surfaces, thereby 
extending tool life and ensuring consistent final part quality across large production runs. Figure 13 shows a SWOT 
analysis of the trends that are emerging in the additive manufacturing process applied to aerospace components, 
namely in hybrid manufacturing and advanced materials [30,92,94,130]. 

Regarding the strengths of aerospace AM emerging trends, the intelligent compensation in robotics refers to 
the integration of multi-sensor measurement systems and online trajectory compensation methods, which have 
demonstrated the capability to reduce robotic machining deviations by up to 90%. As for the baseline coating 
technology, current physical vapour deposition (PVD) coatings based on TiAlN provide reasonably high thermal 
stability and wear resistance for machining AM alloys. The weaknesses are robotic rigidity limitations and ‘as-
built’ material variability. In the first one, articulated robot arms have an inherent lack of structural rigidity 
compared to conventional machine tools, leading to deflection during cutting forces and geometric inaccuracies. 
As for the second, the anisotropic nature of ‘as-built’ microstructures in alloys like Inconel 718 results in 
significant variability in mechanical properties, making standard wrought heat treatments suboptimal for 
maximising performance. 

Nevertheless, several opportunities arise in this field, such as flexible hybrid workflows, AM-specific thermal 
treatments and next-generation tool coatings. Robot-assisted machining emerges as an economically viable and 
flexible alternative for hybrid manufacturing cells producing large, complex AM parts. Furthermore, research is 
prioritising the development of novel, tailored thermal treatment cycles to precisely balance conflicting properties, 
such as maximising strength without compromising ductility. In addition, the development of nanostructured 
coatings exhibiting ‘super-hardness’ (>40 GPa) aims to drastically improve resistance to abrasive wear during the 
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finish machining of AM surfaces. In spite of this, this technology’s stringent precision requirements and ‘difficult-
to-cut’ materials are still strong threats to its further development. Achieving the necessary geometric accuracy 
below 100 µm for aerospace assembly interfaces remains a critical challenge for widespread robotic adoption, and 
the high strength and work-hardening tendencies of aerospace alloys processed by AM lead to rapid tool wear and 
increased production costs during necessary subtractive post-processing. 

 

Figure 13. SWOT analysis of emerging trends in aerospace AM. 

4.6. Circular Economy of Additively Manufactured Components 

Besides the range of applications and advantages of the additive manufacturing technologies already 
discussed, it is of the utmost importance to study the environmental impact of these novel components. This may 
be evaluated through the energy consumption in the manufacturing stage, as well as their life cycle assessment 
(LCA) and life cycle costing (LCC) study, for example through recycling [131]. Uralde et al. [132] compare the 
life cycle assessment of additive manufacturing of two design approaches for the WAAM process, namely the 
topology optimisation and the design for additive manufacturing. They also tested three WAAM arc variants, and 
the findings compare the different environmental impacts by analysing thermal efficiency, deposition rates and post 
processing. Beyond new production, AM is revolutionising the Maintenance, Repair, and Overhaul (MRO) sector by 
enabling digital warehousing and on-demand manufacturing. AM mitigates inventory costs and lead times by 
facilitating the decentralized production of spare parts directly at the point of need [110,133]. The technology allows 
for the retrofitting of legacy aerospace components. Through topology optimisation, obsolete or worn parts can be 
redesigned and manufactured with improved performance metrics compared to the originals [134,135]. The synergy 
between AM and Augmented Reality is redefining maintenance procedures, providing technicians with advanced 
tools for repairing aeronautical components [81]. Figure 14 presents a roadmap containing the future trends in 
aerospace AM across digital control, hybrid robotics, advanced material systems, and circular lifecycle engineering.  

 

Figure 14. Technological roadmap synthesising future trajectories in aerospace AM. 
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5. Conclusions 

This review has thoroughly examined the current status of AM in the aerospace and aeronautics sectors, 
evidencing its profound transition from a rapid prototyping tool to a pivotal enabling technology for the production 
of flight-critical hardware. The capacity of AM technologies, particularly SLM, EBM, and DED, to fabricate 
components with unprecedented geometric complexity has fundamentally reshaped prevailing design paradigms. 
It allows the consolidation of assemblies, the integration of intricate internal features like cooling channels, and 
significant structural lightweighting, which are foundational goals in aerospace engineering [3,72,73]. 

Despite this, the central thesis emerging from this analysis is that the geometric freedom of AM cannot be 
decoupled from the stringent demands of material quality. The reliable application of AM in high-specification 
aerospace environments is intrinsically linked to the rigorous control of the entire manufacturing value chain, 
starting with the inherent challenges of the ‘as-built’ state [111]. The extreme thermal histories characteristic of 
metal AM processes result in non-equilibrium microstructures, crystallographic anisotropy, and segregation 
phenomena that compromise mechanical performance, particularly ductility and fatigue resistance [92,109]. 
Furthermore, process-induced defects, such as keyhole porosity, caused by excessive energy density and lack-of-
fusion voids resulting from insufficient overlap, act as critical stress concentrators, threatening the components’ 
structural integrity [46,112]. 

Therefore, the realization of AM’s full potential in aerospace is contingent upon a robust and validated post-
processing strategy. This review underscores that post-processing is not merely a corrective step, but a mandatory 
phase for certification. Tailored thermal treatments, such as solution annealing and multi-step ageing, are essential 
to homogenise the microstructure and precipitate strengthening phases in superalloys such as Inconel 718 [92]. 
Concurrently, HIP remains the industry standard for eliminating internal porosity and densifying components, 
thereby significantly enhancing fatigue life for fracture-critical applications [40,94]. Ultimately, achieving 
confidence in additively manufactured flight hardware requires a holistic approach that integrates precise process 
parameter control with optimised thermal and mechanical post-processing to ensure consistent, certifiable material 
properties comparable to or superior to those of traditional wrought counterparts [136]. 

While significant progress has been made in industrialising AM for aerospace, several technological and 
scientific frontiers require concerted research efforts to address current limitations in scalability, efficiency, and 
predictability. The future trajectory of AM in this sector will be driven by demonstrable advances in hybrid 
manufacturing strategies, physics-based and data-driven computational modelling, and alloy and feedstock 
engineering, as detailed in the Discussion section. By critically consolidating materials science, process physics, 
and certification-driven constraints, this review provides a structured knowledge framework to support both 
research development and industrial decision-making in aerospace additive manufacturing. 
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