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1. AM industry overview

CAGR 21.8%

No design course is completed until a case study ~

A350 cabin bracket connector
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An example of GE additive on GE9X (copyright belongs to GE)

Boeing 777X
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Manufacturing in the aerospace sector is subject to numerous interacting technical and
economic objectives of: functional performance, lead time reduction, lightweighting,
complexity, cost management, and sustainment.

The aerospace sector requires the delivery of safety–critical components that must
operate in their intended environment (functional performance) in small production
volumes with relatively inflexible delivery schedule. Lead time reduction is therefore
highly relevant to the aerospace sector as this allows rapid product certification and
retains flexibility in design of high value components.

Lightweighting is relevant to the technical and economic performance of aerospace
structures. Specifically, the technical performance and allowable mission-defined payload
of aerospace structures is physically limited, meaning that system mass reduction directly
relates to enhanced economic and technical performance, including reduced fuel costs,
lower emissions, larger payloads and increased range.

A critical challenge to metal additive manufacturing (AM) applications in aerospace is the
hurdle of certification; requiring that regulatory bodies be confident that the AM systems
are fundamentally well understood, and can be repeatably designed and inspected such
that reliability and safety expectations can be satisfied. These certification requirements
vary according to the criticality of the proposed AM system as being safety or mission-
critical or otherwise. Practical certification requires connection with existing standards for
traditional manufacturing as well as to standards emerging for AM processes.
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Certification-related AM standards, including 

those under development (marked by *).
All aerospace manufacturing is subject to strict
quality controls such as Quality Systems -
Aerospace SAE AS9100 and Standard for
Additively Manufactured Spaceflight Hardware
MSFC-STD-3716, NASA Standard 6030, but this
is further exacerbated by the complexity of the
AM processes and many possible influences on
component quality. This is especially true as the
technology has matured only recently and many
studies have reported widely disparate
mechanical properties, especially fatigue
performance. This leads to uncertainties in the
material performance and in the required
controls which may be different from traditional
manufacturing.
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Aerospace-domain related AM:

• AM processes: mainly Laser Powder Bed Fusion, Electron Beam Powder Bed Fusion, Directed 
energy deposition

• AM materials: existing and specially developed for AM process

• Advantages:
1. Reduction in processing time with simplified supply chain and reduction in lead time,
including logistical benefits, presents a substantial opportunity to reduce cost. There are several
examples that have demonstrated cost reductions of 50% and lead time reductions of 50% or
more.
2. Reduction in weight, hence the operation cost and CO2 emission. Buy-to-fly ratio from 20:1 to
3:1. However, lightweighting is currently still not the primary driver for AM in aerospace. Lead
time reduction is currently the main benefit, which can be significant for complex aerospace
components often taking months or years of (traditional) fabrication time for complex systems.

Presenter
Presentation Notes
Recently, due to excellent resistant properties, biocompatibility, high melting points, and incredible strength at high temperatures, Co-Cr alloy is used for the manufacture of many artificial joints
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3. In the spacecraft, it is a different scenario: The quantity of China civil aviation (fleet size ~
6000) vs. space exploration (~400 times, long-march). Then you can imagine: the technology
synergises with space applications serving low quantities of components that exhibit mass
and cost reductions crucial for increased development in space. With mission costs for space
exploration exceeding €20,000 per kilogram, every gram saved translates to an increased
payload capacity per launch and a consequent reduction in launch costs.

4. Besides lightweighting, part consolidation is another prominent benefit for the application
of AM techniques in aerospace applications with nearly every example displaying massive
reductions in part counts. Part consolidation has the primary benefits of reducing the
assembly operations and minimizing the usage of joining methods such as bolting, welding,
brazing, soldering and chemical bonding methods. Another advantage is the reduced number
of components requiring certification and associated documentation. AM techniques also
notably reduce the need for tooling to manufacture components. Last benefit to part
consolidation is the reduced need for warehousing for components and legacy components,
including components no longer available.

5. Multifunctional lightweighting such as heat transfer also sees strong demand.

6. Repairing high-value aerospace components using AM techniques also presents a major
benefit to AM applications in aerospace.
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TO and AM of Airbus A320 nacelle hinge bracket. 
Left: TO design process. Right: Original bracket (top) and final TO optimized design (bottom). 
Original steel bracket = 918 g; TO and AM bracket in Ti6Al4V = 326 g. Copyright: Airbus

Additive Manufacturing Demonstrator Engine Liquid 
Oxygen (LOX) Turbopump Stator. Courtesy: NASA

Cellcore prototype rocket nozzle featuring internal 
cooling channels. Copyright: SLM Solutions/ CellCore
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Aerospace-domain related AM applications:

1. Structure and brackets: Aviation, spacecraft and lattice infill structures

TO and AM of Airbus A350 XWB cabin bracket 
connector, by LPBF of Ti6Al4V. Copyright Airbus.

TO process of an antenna bracket for the Sentinel-1C and Sentinel-1D. 
Photo courtesy of Altair Engineering

Test configuration of the bracket with adaptor plate and dummy masses. 
Copyright: The American Institute of Aeronautics and Astronautics (AIAA), Inc

Example of 1.5 m mirror support being manufactured as technology demonstrator 
(image courtesy of Fraunhofer and European Space Agency)

nTopology and AFIT lattice CubeSat bus structure. 
Credit: nTopology

A CubeSat is a square-shaped miniature satellite (10
cm x 10 cm x 10 cm —roughly the size of a Rubik's
cube), weighing about 1 kg .

Thales Alenia Space examples including AM lattice structure usage: (a) satellite solar 
panel deployment mechanism – ‘‘Adel’light hinges for solar arrays of satellites” and (b) 

satellite sandwich panel ‘‘Diphasic heat spreader”. Courtesy of Thales Alenia Space



3. Thermal devices
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2. Static and dynamic engine components

AM built impeller with internal lattice – design concept and a similar manufactured 
physical part with internal lattice from a different study [Courtesy: SLM Solutions]. The GE LEAP Fuel Nozzle. Courtesy of GE Additive

Blisk repair solution using LENS AM. 
Photo Courtesy of Optomec

Cobra Aero AM and lattice cylinder block design. Courtesy of Cobra AERO
Conflux sectioned F1 heat exchanger application. 

Picture Courtesy of Conflux Technology
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4. Liquid fuel rocket components

Examples of AM used within liquid hydrogen and liquid oxygen turbopumps at NASA MSFC.

Injector core for the Ariane 6 Rocket. Photo via Ariane Group/EOS SpaceX AM built Superdraco rocket engine. 
Left: SuperDraco Test Fire by SpaceX. 

Right: SuperDracos by SpaceX
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a: Bimetallic 7k Coupled Chamber using L-PBF GRCop-42 with HR-1 DED Integrated Nozzle (b: complete with
manifolds). c: Bimetallic 40k Chamber built using L-PBF GRCop-42 liner and HR-1 DED Jacket. (Courtesy: NASA)

Examples of Large Scale DED at NASA. A) LP-DED integral channel nozzle 6000 (1.52 m) diameter and
7000 (1.78 m) height with NASA HR-1 alloy deposited in 90 days, B) Powerhead half shell using Inconel
718, and C) LP-DED JBK-75 Nozzle (no channels) that is ½ scale RS-25.

Hyperganic prototype rocket nozzle featuring 
internal cooling channels and an external lattice. 

Photo courtesy of Hyperganic



Aerospace-domain related AM applications summary
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Challenges and opportunities:
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1. Certification & standards

2. Structural integrity

Major governing bodies such as the European Union Aviation Safety Agency (EASA), NASA, European
Space Agency (ESA), and Federal Aviation Administration (FAA) are imposing increasingly strict testing
protocols and certifications that are required for the use of aerospace components in service for both
mission-critical and non-critical applications. These certification processes generally involve the
repeatability of production processes and consistency in the quality of manufactured components which
are both considerable challenges currently in the metal AM industry, especially when producing
components in larger quantities. The primary challenge for the certification process of AM built
components is the lack of prior knowledge, complete understanding and traceability of the AM process,
detailed characterization and AM property databases, and data regarding the failure mechanisms.

However, dynamic mechanical properties such as fatigue and creep have seen relatively less
research and there remains a lack of test data reporting among aerospace companies.

The existing AM fatigue literature demonstrates test results that indicate porosity, residual
stress and surface roughness are the largest concerns for high cycle fatigue (HCF) and low
cycle fatigue (LCF) testing scenarios with overall fatigue properties generally substandard
compared to conventional manufacturing processes.



3. Design for AM

4. Non-Destructive testing (NDT)
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While TO and lattice structures are discussed there are several challenges that exists with
these in practical application. Since these techniques often optimize the design based on a
known set of inputs and constraints, the load paths for aerospace components must be well
understood. These load paths and combined structural, thermal, dynamic, and integrated
environments are not always well defined or known for aerospace applications and designs
can often include high design margins to account for these uncertainties.

Due to the many challenges described before, NDT is prescribed for all critical flight
components manufactured by metal AM. NDT is important for identifying flaws such as
porosity or cracks in critical components and a variety of methods may be used including
radiographic testing (RT), dye penetrant, eddy current, ultrasonic testing, amongst others.
one method has proven to be able to overcome many of these challenges: X-ray computed
tomography (CT). The major limitations of the technique are the relatively poor resolution
for large parts, components with thick walls, challenges with alloys such as copper, and the
time and cost involved. For the above reasons, many in-process monitoring tools are being
developed to improve the identification of flaws during the process, rather than post-
process.



5. Future opportunity
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Many open research questions remain, with opportunities for enhanced
understanding and performance and further developments in the near future. The
most important areas of current development are listed and discussed below:

• New alloys developed for AM and for aerospace applications
• In situ monitoring for digital twin and accurate flaw Identification
• Build simulation for identification of risks
• In-space and non-terrestrial AM
• Wider usage of architected cellular structures (lattices)
• Usage of optimization techniques such as topology optimization (TO) and hybrid

analytical thermal optimization (HAATO)
• Multi-functional components such as integrated electronics and sensors in AM

processes

In summary, the main advantages of metal AM in aerospace is cost and lead time reduction. Mass
reduction is also a significant opportunity area with optimized design or use of multiple alloys,
however these techniques need to be well understood and properties well defined. In addition, part
consolidation is a major advantage in this industry. Part complexity capabilities inherent in metal AM
allows for high complexity within components, including internal features such as channels and high
surface area for heat transfer applications. AM has also been demonstrated in many large-scale
applications, so scale is becoming far less of a limitation.



Thank you for your attention
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